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Elevated perfusate [Na+] 
increases contractile dysfunction 
during ischemia and reperfusion
D. Ryan King1, Rachel L. Padget1, Justin Perry2, Gregory Hoeker3, James W. Smyth3,4,6, 
David A. Brown2 & Steven Poelzing1,3,4,5*

Recent studies revealed that relatively small changes in perfusate sodium ([Na+]o) composition 
significantly affect cardiac electrical conduction and stability in contraction arrested ex vivo 
Langendorff heart preparations before and during simulated ischemia. Additionally, [Na+]o modulates 
cardiomyocyte contractility via a sodium-calcium exchanger (NCX) mediated pathway. It remains 
unknown, however, whether modest changes to [Na+]o that promote electrophysiologic stability 
similarly improve mechanical function during baseline and ischemia–reperfusion conditions. The 
purpose of this study was to quantify cardiac mechanical function during ischemia–reperfusion with 
perfusates containing 145 or 155 mM Na+ in Langendorff perfused isolated rat heart preparations. 
Relative to 145 mM Na+, perfusion with 155 mM [Na+]o decreased the amplitude of left-ventricular 
developed pressure (LVDP) at baseline and accelerated the onset of ischemic contracture. Inhibiting 
NCX with SEA0400 abolished LVDP depression caused by increasing [Na+]o at baseline and reduced 
the time to peak ischemic contracture. Ischemia–reperfusion decreased LVDP in all hearts with return 
of intrinsic activity, and reperfusion with 155 mM [Na+]o further depressed mechanical function. In 
summary, elevating [Na+]o by as little as 10 mM can significantly modulate mechanical function under 
baseline conditions, as well as during ischemia and reperfusion. Importantly, clinical use of Normal 
Saline, which contains 155 mM [Na+]o, with cardiac ischemia may require further investigation.

In recent years, our laboratory published several manuscripts demonstrating that relatively small changes in 
perfusate ionic composition, particularly sodium, have profound effects on cardiac electrical conduction and 
stability, especially when these changes occur in conjunction with a cardiac insult such as ischemia or reduced 
gap junctional coupling1–3. Due to the nature of the optical mapping modality used to study electrophysiology 
in our previous studies, it remains unknown whether these same modest changes in perfusate ionic composition 
impact mechanical function.

The concept of altered extracellular or intracellular sodium concentrations ([Na+]o or [Na+]i, respectively) 
directly influencing cardiac inotropy was first published in 19484. In the subsequent half century, numerous 
studies focused on exploring sarcolemma sodium-calcium exchange and the sodium-calcium exchanger protein 
(NCX) itself5,6. NCX is a pore forming transmembrane channel that exchanges Na+ and Ca2+ in a 3-to-1 ratio 
across the sarcolemma, capable of functioning in both forward (Ca2+-efflux) and reverse (Ca2+-influx) modes7. 
Previous research demonstrated that changes in either [Na+]o or [Na+]i affect the NCX current6. Specifically, 
isolated myocyte studies demonstrated that reducing [Na+]o increased Ca2+ influx through NCX8,9.

Importantly, studies have also demonstrated that ventricular arrhythmias and myofibrillar hypercontracture 
associated with ischemia–reperfusion injury are, at least in part, due to intracellular Ca2+ overload and increased 
calcium-calmodulin dependent protein kinase II (CaMKII) activity10,11. Therefore, it stands to reason that increas-
ing [Na+]o should decrease Ca2+ influx through NCX, which leads to the specific hypothesis that elevating [Na+]o 
reduces ischemia–reperfusion injury in ex vivo Langendorff-perfused hearts. We herein present an analysis of 
the mechanical consequences of elevating [Na+]o from 145 to 155 mM to compliment previous studies in our 
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laboratory evaluating the effects of hypernatremia on cardiac conduction during ischemia2,3. During normal 
baseline periods, elevating [Na+]o depressed left-ventricular developed pressure (LVDP) as hypothesized, but did 
not influence intrinsic heart rate. During ischemia, hearts exposed to elevated [Na+]o demonstrated an earlier 
onset of ischemic contracture (i.e. a more rapid onset of ischemic mechanical dysfunction). Elevated [Na+]o 
during reperfusion also reduced inotropy below baseline values. In short, [Na+]o management may differentially 
affect electrical and mechanical function of the heart.

Results
Baseline: [Na+] and left ventricular developed pressure.  Previous studies demonstrated that elimi-
nating or pathologically reducing perfusate sodium concentration ([Na+]o) to 70–75 mM in ex vivo preparations 
is positively inotropic8,9. Similarly, elevating [Na+]o to 162 mM decreases LVDP12. However, to our knowledge, 
no groups have demonstrated the functional effects of varying [Na+]o within a clinically relevant range (i.e. 
145–155 mM) using a Langendorff-perfused heart model. In this study, the effects of elevated [Na+]o on cardiac 
mechanical function were assessed at baseline and during global ischemia–reperfusion in Langendorff-perfused 
rat hearts. Diagrams of the experimental protocols (Fig. 1A–C) and a representative trace of left-ventricular 
pressure (Fig. 1D) are provided in Fig. 1 for the purpose of visualizing pressure prior to, during, and following 
global no-flow ischemia.

Representative left-ventricular pressure traces obtained during the pre-ischemia (baseline) protocol are pro-
vided for 15 min of perfusion with 145 mM Na+ followed by an additional 15 min of perfusion with 155 mM 
Na+ (Fig. 2A). Parameters are summarized for the last 5 min of baseline perfusion and reveal that elevating 
[Na+]o significantly decreased mean LVDP by 19.0 ± 12.8 mmHg (Fig. 2B), without altering coronary flow rate 
(Fig. 2C) or heart rate (Fig. 2D).

To confirm these results were a consequence of increased [Na+]o and not a function of perfusion time, baseline 
measurements were repeated in hearts perfused independently with either the 145 or 155 mM Na+ perfusate 
from the beginning of cannulation. In unpaired comparisons, LVDP was significantly higher in hearts perfused 
with 145 mM Na+ (50.6 ± 16.8 mmHg) relative to 155 mM Na+ (28.5 ± 10.6 mmHg), with no significant differ-
ences in baseline end-diastolic pressure (EDP), coronary flow rate, or heart rate (Table 2). Together, the data 
further demonstrate that elevating [Na+]o within a near physiologic range, from 145 to 155 mM, decreases LVDP.

As baseline LVDP values may have variability based on the fill state of the balloon, the uniformity of contact 
with the ventricular wall, and other factors associated with measuring pressure in a non-working isolated heart-
model, we conducted all baseline pressure analyses on raw data with paired comparisons where appropriate.

Baseline: NCX and LVDP.  It is well-established that elevating [Na+]o increases NCX forward-mode activ-
ity (Ca2+ efflux) and subsequently decreases LVDP8,9,13,14. It is once again important to note that these previous 
results are based on pathological concentrations of Na+ and it therefore remains unknown whether a modest 
alteration of [Na+]o could measurably alter LVDP via an NCX mediated pathway.

To confirm enhanced NCX forward-mode activity during elevated [Na+]o was a mechanism of Na+-dependent 
reduction of LVDP, hearts were treated with the NCX inhibitor SEA0400 (1 µM) prior to elevating [Na+]o from 
145 to 155 mM15,16. As anticipated, in hearts perfused with 145 mM Na+ at baseline, NCX inhibition was posi-
tively inotropic (Fig. 3A). Furthermore, inhibiting NCX prior to elevating [Na+]o mitigated the reduction of 
LVDP observed without NCX inhibition (Fig. 3B), as evidenced by the steeper decline in LVDP between 145 and 
155 mM Na+ in the absence versus presence of SEA0400. These results confirm a role for NCX in Na+-dependent 
modulation of LVDP, consistent with previous studies8,9.

Ischemia: [Na+] and ischemic contracture.  A known phenomenon in rodent hearts is a marked rise 
in diastolic pressure during global ischemia, termed ischemic contracture17. Previous studies demonstrated a 
marked increase in [Na+]i accompanies ischemia, and suggest elevating [Na+]i concentration reduces mitochon-
drial response to stress in cardiomyocytes, resulting in decreased oxidative phosphorylation13,18,19. Furthermore, 
studies have demonstrated the rise in diastolic tone during ischemia is a consequence of improper cross-bridge 
relaxation due to ATP depletion within the cell17. As such, we hypothesized elevating [Na+]o before the ischemic 
episode would increase [Na+]i accumulation, further disrupt oxidative phosphorylation, and reduce the time to 
peak ischemic contracture.

In our experiments, the time course of ischemic contracture was dependent on the pre-ischemic perfusate 
composition (Fig. 4). More specifically, increasing [Na+]o shortened the time to onset of ischemic contracture 
(Fig. 4A,B). The amplitude of ischemic contracture in Fig. 4A was normalized independently for each trace 
using Eq. (1) below, where EDP’ indicates the normalized EDP. Representative normalized EDP traces for each 
perfusate composition were plotted together for visualization purposes (Fig. 4A).

Inhibiting NCX prior to global ischemia further accelerated the time to onset of ischemic contracture 
(Fig. 4A,B). The peak amplitude of ischemic contracture was not significantly different in hearts perfused with 
the 155 mM Na+ perfusate prior to ischemia (relative to 145 mM Na+, p = 0.06), or with 155 mM Na+ and 
SEA0400 (p = 0.99; Fig. 4C).

(1)EDP
′
=

EDP − EDPmin

EDPmax − EDPmin
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Reperfusion: [Na+] and cardiac functional recovery.  Following 30-min of global no-flow ischemia, 
hearts were reperfused with either the 145 or 155 mM Na+ perfusate. Intrinsic rhythm returned in five of eleven 
hearts perfused with the 145 mM Na+ perfusate, and seven of eight hearts perfused with the 155 mM Na+ perfu-
sate (Fig. 5A). Comparing only those hearts that returned to intrinsic rhythm, there was no significant differences 
between the initial EDP rise upon reperfusion in the 145 and 155 mM Na+ groups (Fig. 5B). Interestingly, in the 
145 mM Na+ group, hearts that went on to remain asystolic or develop arrhythmias had a significantly higher 
EDP rise upon reperfusion. Although LVDP was decreased during reperfusion in both the 145 and 155 mM Na+ 
groups relative to baseline, LVDP during reperfusion was significantly higher in the 145 mM Na+ group relative 
to the 155 mM Na+ group (Fig. 5C). This is consistent with the pre-ischemic relationship between [Na+]o and 
LVDP. Reperfusing hearts with elevated [Na+]o did not significantly alter coronary flow rate (data not shown).
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Figure 1.   Experimental protocol design. (A) Sequential perfusion of 145 mM Na+ and 155 mM Na+ perfusates 
(n = 5), data presented in Figs. 2 and 3B. (B) SEA0400 perfusion (n = 5), data presented in Figs. 3 and 4. (C) 
Independent perfusion of 145 mM Na+ and 155 mM Na+ perfusates (n = 16 and n = 13, respectively, for baseline 
measurements, n = 11 and n = 8 hearts from each group were subjected to the ischemia reperfusion protocol). 
(D) Definitions of experimental measurements. Representative pressure trace from one heart perfused with 
the 145 Na+ perfusate defining left-ventricular developed pressure (LVDP; LVDP = Cyclic systolic pressure 
maximum – cyclic diastolic pressure minimum), time to peak ischemic contracture, amplitudes of ischemic and 
reperfusion contracture at return of cardiac perfusion.
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Figure 2.   Increasing perfusate Na+ depresses LVDP, independent of changes in flow rate or heart rate. (A) 
Representative paired left ventricular (LV) pressure traces from a single heart during 145 mM [Na+]o (145 Na+) 
and 155 mM [Na+]o (155 Na+) perfusion. (B) LVDP was significantly reduced in paired comparisons during 
perfusion with 155 relative to 145 mM [Na+]o. (C) Flow rate was not significantly reduced when hearts were 
perfused with 155 relative to 145 mM [Na+]o. (D) Heart rate did not significantly change when varying [Na+]o 
during baseline conditions. n = 5, *Indicates p < 0.05 as determined by paired Student’s t-test.
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Figure 3.   NCX inhibition (with 1 µM SEA0400) mitigates the negative inotropic effect of increasing [Na+]o. 
(A) NCX inhibition with SEA0400 significantly increases LVDP at baseline with 145 mM Na+. (B) SEA0400 
treatment prior to elevating [Na+]o mitigates the negative inotropic effect of elevated [Na+]o. n = 5, *Indicates 
p < 0.05 as determined by paired Student’s t-test.

Figure 4.   Elevating [Na+]o accelerates the onset of ischemic contracture. Pre-ischemic treatment with SEA0400 
further accelerates the onset of ischemic contracture. (A) Representative traces of left-ventricular pressure 
during 30-min no-flow global ischemia for the 145 Na+, 155 Na+, and 155 Na+  + SEA0400 groups (amplitude 
full scale normalized for visualization purposes; EDP’—Eq. (1)). (B) Time to peak ischemic contracture for all 
groups. (C) Diastolic amplitude at time of peak ischemic contracture. (n = 11, 8, and 5 for 145 Na+, 155 Na+, 
and 155 Na+  + SEA0400, perfusates respectively, * indicates p < 0.05 as determined by a one-way ANOVA with 
Dunnett’s correction for multiple comparisons to the 155 Na+ group).
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Discussion
Previous studies from our laboratory suggest that elevating [Na+]o in ex vivo hearts increases electrical sta-
bility during ischemia2,3,20. Historically, our studies were performed in contraction arrested hearts to reduce 
motion artifact in order to facilitate optical mapping; therefore, we have not previously studied the mechanical 
consequences of modifying perfusate ionic composition. This study demonstrates that elevating perfusate Na+ 
depresses cardiac mechanical function during baseline conditions and ischemia–reperfusion. Specifically, elevat-
ing [Na+]o reduces LVDP in an NCX-dependent manner at baseline, accelerates the onset of ischemic contracture, 
and reduces LVDP during reperfusion.

Baseline.  The first evidence of an antagonistic relationship between Na+ and Ca2+ was provided over a half 
century ago in 19484–6. Since the initial publications demonstrating Na+-Ca2+ exchange, the role of transmem-
brane Na+ currents on cardiac inotropy has been well-described21,22. More specifically, studies revealed that 
large changes in [Na+]o significantly altered Ca2+ flux across the sarcolemma via NCX8,9,23. In these studies, 
reducing or completely eliminating [Na+]o markedly increased cellular Ca2+ influx through reverse-mode NCX 
and increased inotropy. Conversely, elevating [Na+]o reduces inotropy12. Importantly, it should be noted that 
these studies were all performed in isolated cells or relied on changing [Na+]o to levels far beyond physiologi-
cal concentrations. In our study, we demonstrated that a modest elevation in [Na+]o to 155 mM is negatively 
inotropic, qualitatively consistent with previous reports using larger changes in [Na+]o

12. Furthermore, we found 
that LVDP depression in the presence of elevated [Na+]o was mitigated when NCX was inhibited prior to [Na+]o 
elevation (Fig. 3). Together these data suggest elevating [Na+]o at baseline results in a reduction of [Ca2+]o, via 
increased NCX Ca2+-efflux, and decreased contractility.

Ischemia.  To our knowledge, this is the first study to demonstrate that the time course of ischemic contrac-
ture can be modulated by perfusate ionic composition (Fig. 4). Specifically, elevating [Na+]o in the pre-ischemia 
perfusate accelerates the onset of ischemic contracture and NCX inhibition further accelerates this process. 
Previous studies have demonstrated that ischemia induced increases in diastolic tone are correlated with intra-
cellular ATP (ATPi) depletion and intracellular proton accumulation (H+

i, i.e. acidosis), presumably by a mecha-
nism of [Na+]i mediated mitochondrial dysfunction18,19,24–27. Studies also provided evidence that slowing ATP 
depletion, by pre-treatment with dimethyl-α-ketoglutarate, delays the onset of contracture development28. These 
studies suggest preservation of whole-cell metabolic function delays the time to peak ischemic contracture.

Both ATPi depletion and H+
i accumulation are hallmarks of mitochondria dysfunction within ischemic 

myocardium29,30. In fact, increasing [Na+]o in isolated myocytes impairs the ability of mitochondria to adapt 
to stressors such as ischemia18,27. Given that ischemic contracture is dependent on ATP-depletion and increas-
ing [Na+]o worsens mitochondrial ischemic injury, it is not surprising that the onset of ischemic contracture 
occurred earlier in the elevated [Na+]o perfusion group. Additionally, inhibiting NCX, which increases [Na+]i 
by eliminating a major Na+-extrusion pathway during ischemia, further accelerated ischemic contracture in a 
manner consistent with the hypothesis that NCX function is an important determinant of ischemic contracture.
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Figure 5.   Elevated [Na+]o increases contractile dysfunction during reperfusion in hearts with a return of 
intrinsic rhythm. (A) Stacked bar graphs summarizing the return of electrical rhythm during reperfusion. 
(B) Peak EDP immediately upon reperfusion (reperfusion contracture). In the 145 mM Na+ group, hearts 
that eventually returned to an intrinsic rhythm during reperfusion had a significantly lower EDP than those 
developing arrhythmias or asystole; there was no difference in EDP between the 145 mM Na+ and 155 mM 
Na+ groups when only comparing EDP from hearts with returned intrinsic rhythm. (C) LVDP at 30-min of 
reperfusion is significantly higher in the 145 Na+ group relative to the 155 Na+ group, consistent with baseline 
LVDP values. Data from arrhythmic and asystolic hearts excluded for (C). *Indicates p < 0.05 as determined by 
unpaired student’s t-test.
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Reperfusion.  Numerous studies have demonstrated that ventricular arrhythmias and myofibrillar hyper-
contracture observed upon reperfusion are due, at least in part, to intracellular Ca2+ overload and increased 
CaMKII activity10,11. Interestingly, we found that hearts which returned to intrinsic rhythm during reperfusion 
presented with a significantly lessened degree of hypercontracture, as measured by reperfusion EDP (Fig. 5B). 
The decreased reperfusion contracture amplitude observed in intrinsic activity suggests that elevating [Na+]o may 
mitigate ischemia and reperfusion injury, presumably by reducing the degree of intracellular Ca2+-overload31–35.

With respect to the return of mechanical function, for both 145 and 155 mM Na+, the absolute LVDP during 
reperfusion was lower than during baseline, and paralleled the differences observed at baseline. Several factors 
could have contributed to this relative decrease in LVDP. It is known that ATP availability is markedly reduced 
during prolonged ischemic episodes, and previous work by Maack et al. suggests elevating [Na+]o hinders mito-
chondrial metabolic flexibility, resulting in impaired contractility18,36. Furthermore, during reperfusion, and 
similar to baseline conditions, elevated [Na+]o can lead to increased NCX Ca2+-efflux and reduced inotropy via 
intracellular Ca2+ depletion. One additional explanation for decreased LVDP during reperfusion is that elevated 
[Na+]o modulates vascular resistance during ischemia–reperfusion. This is important because previous work 
demonstrated LVDP is proportional to vascular pressure37,38. While an intriguing trend was observed, flow 
rates were not significantly decreased in hearts reperfused with elevated [Na +]o post ischemia (p = 0.11) in this 
study. Further studies will be required to elucidate the effects of modulating vascular resistance by perfusate ion 
composition in a working heart during baseline conditions and ischemia–reperfusion.

With statistically significant differences in contractile function observed during baseline perfusion with our 
145 and 155 mM Na+ perfusates (Table 2 and Fig. 2), it is possible that the reperfusion results are a manifesta-
tion of changes in [Na+]i and/or [Ca2+]i that occur during baseline. Future studies will need to assess whether 
the changes observed during reperfusion occur independent of the pre-ischemic perfusate. Regardless of the 
mechanism, the finding that upon ischemia–reperfusion LVDP is lowest in hearts perfused with 155 mM Na+ 
may warrant further investigation given the prevalent use of Normal Saline IV solutions, which contain 155 mM 
NaCl, in clinical practice.

Limitations.  Recently published ex vivo Langendorff perfusion guidelines recommend excision and cannu-
lation be < 3 min, and many of our experiments were performed before the publication of these guidelines and 
instead used cannulation times of < 4 min as an inclusion criteria39. Furthermore, we measured left-ventricular 
pressure using latex balloons. Since latex has a known compliance, our measurements could underestimate left-
ventricular pressure40.

The values of LVDP reported herein are lower than previously published studies. This is a consequence of 
our laboratory’s perfusate historically containing 1.25 mM Ca2+ in order to reduce motion for optical mapping 
in Langendorff perfused hearts1,2. Research groups that study LVDP and cardiac mechanics historically perfuse 
preparations with 1.8 mM Ca2+. Additionally, our perfusion pressure, 60 cm H2O (~ 45 mmHg), was lower than 
the traditionally used 60–80 mmHg.

Rat cardiomyocytes have documented differences in Ca2+ handling properties compared to humans and larger 
mammalian species. For example, rat NCX current is lower than INCX in larger mammalian species, which was 
elegantly demonstrated by Sham et al.41. Despite these known differences in Ca2+ handling, the general finding, 
that elevating [Na+]o depresses cardiac contraction via an NCX mechanism, is likely applicable to other mam-
malian species.

Conclusions
While elevating [Na+]o may reduce arrhythmias during ischemia–reperfusion2,3, this study suggests the same 
intervention depresses LVDP and reinforces the tight and often opposing associations between electrophysiology 
and mechanical function with regards to outcome. More specifically, therapies that reduce arrhythmic events 
may be advantageous when depressed mechanical function is not pathologic. Alternatively, the study suggests 
that rescuing mechanical dysfunction during ischemia–reperfusion at the expense of enhanced arrhythmic risk 
may warrant further investigation if a shockable rhythm is preferable to a non-shockable rhythm without pump 
function.

Finally, and most broadly speaking, this work reveals that relatively small changes in ionic composition, 
particularly in isolated organ experiments, may produce substantially different response magnitudes, and these 
changes could explain why some therapies have significant and dramatic effects in a laboratory where extracel-
lular ions are experimental regulated, but fail to produce the same dramatic response in humans when extracel-
lular ionic composition is tightly controlled and dynamically modulated.

Methods
All protocols were approved by the Institutional Animal Care and Use Committee of Virginia Polytechnic Insti-
tute and State University and were in accordance with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals.

Langendorff heart preparation.  Male Sprague–Dawley rats (8–12 weeks; 225–300 g) were anesthetized 
with ketamine/xylazine (90 mg/kg ketamine, 10 mg/kg xylazine, i.p.) without heparinization. Upon the absence 
of animal eye-blink and pedal withdraw response, hearts were excised and quickly cannulated (< 4 min) on a 
constant pressure (60 cm H2O) Langendorff apparatus. Hearts were perfused with a bicarbonate buffered per-
fusate containing either 145 or 155 mM Na+ (full composition listed in Table 1) at approximately 37 °C. Hearts 
were submerged in a 3D printed PLA bath for superfusion as previously described42. Hearts remained sub-
merged throughout global ischemia to maintain organ temperature. Coronary flow rate and a volume conducted 
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electrocardiogram were recorded continuously throughout the experiment. To measure left-ventricular func-
tion, a size 4 latex isovolumetric pressure balloon (Harvard Apparatus catalog #73-0303) was inserted into the 
left ventricle through a small slit created in the left atria. The balloon was inflated to a baseline diastolic pressure 
between 0 and 10 mmHg, as previously described43. End-diastolic pressure (EDP), end-systolic pressure (ESP), 
and left-ventricular developed pressure (LVDP) were recorded continuously throughout the experiment using 
an ADInstruments Powerlab 4/26 data acquisition system and LabChart recording software.

All perfusion sequences used in this experiment are presented in Fig. 1. Following cannulation and bal-
loon positioning, hearts were left unperturbed on the Langendorff-apparatus for a 30-min stabilization and 
baseline measurement period, prior to 30 min of global no-flow ischemia and 30 min of reperfusion. In hearts 
subjected to sequential perfusion (data presented in Fig. 2), all hearts were cannulated first using the 145 mM 
Na+ perfusate and perfused for 15-min. At 15-min, the perfusate was switched to the 155 mM Na+ perfusate for 
the duration of the experiment. Baseline data reported in Fig. 2 were collected in the last 5-min of the baseline 
period (t = 25–30 min). Data reported in Table 2 were collected in the last 5-min of each group (t = 10–15 min 
and t = 25–30 min). LVDP, flow rate, and heart rate for each heart was reported as the average LVDP, flow rate, 
and heart rate during the final 5 min of the baseline period. In Fig. 5, asystolic hearts were defined as hearts 
which did not have any electrical activity detectable on the electrocardiogram during reperfusion. VT/VF hearts 
were defined as those hearts with sustained ventricular arrhythmias. In all three of these hearts, once initiated, 
VT/VF was sustained for the remainder of the experiment. Intrinsic rhythm was defined as any heart with a 
spontaneous return of intrinsic rhythm within the first 3-min of reperfusion and persisted arrhythmia-free (no 
more than 3-min of total sustained ventricular arrhythmias) throughout the 30-min reperfusion period. Reperfu-
sion contracture was quantified as the peak EDP occurring immediately upon reperfusion as indicated in Fig. 1 
and always occurred before the restoration of electrical activity, regardless of the eventual electrical outcomes.

Hearts were excluded if cannulation took > 4 min, a sustained ventricular arrhythmia developed during the 
stabilization period, or if the isovolumetric balloon became displaced from the left ventricle at any point during 
the experiment.

NCX inhibition with SEA0400.  In a subset of experiments, NCX was inhibited with SEA0400 (1 µM). 
SEA0400 is a selective inhibitor of NCX demonstrated to inhibit both forward-mode and reverse-mode NCX 
activity; at a 1 µM concentration, SEA0400 effectively inhibits NCX activity without affecting other sarcolemma 
channels, pumps, or exchangers15,16. In these experiments, hearts were cannulated and the pressure balloon 
inserted using the 145 mM Na+ perfusate and left unperturbed for a 15-min stabilization period. Hearts were 
then perfused with the 145 Na+ perfusate + 1 µM SEA0400 for 15-min. Next, hearts were perfused with 155 Na+ 
perfusate + 1 µM SEA0400 for 15-min. Average LVDP during the last five minutes was quantified for each group. 
After baseline LVDP values were recorded, hearts were subjected to 30-min of no-flow global ischemia.

Statistical analysis.  Statistical analyses were performed using GraphPad Prism 7. For all data, p < 0.05 was 
considered statistically significant. Data from a total of 36 hearts are reported in this study. Specific n-values for 
each experimental group are included in the figure legends. All summary data are presented as mean ± standard 
error unless otherwise noted. Data in Figs. 2 and 3 were analyzed using a paired two-tailed Student’s t-test. Data 
in Table 2 were analyzed using an unpaired two-tailed Student’s t-test. Data in Fig. 4 were analyzed using a one-
way ANOVA with Dunnett’s correction for multiple comparisons with the155 Na+ group serving as the compari-
son group. In Fig. 5A, a Chi-square analysis was used for reperfusion arrhythmia comparisons. In Fig. 5B,C, data 
were analyzed using an unpaired two-tailed Student’s t-test.

A subset of experiments were performed in a blinded fashion by a second experimentalist to confirm results. 
The blinded experimentalist performed a total of 12 experiments. (n = 3 and n = 3 for 145 Na+ and 155 Na+ 
respectively, data combined in Table 2. n = 3 and n = 3 for 145 Na+ and 155 Na+ respectively, data combined in 
Figs. 4 and 5).

Table 1.   Detailed composition of perfusates used in this manuscript.

Concentration in mM

pHTotal Na+ NaCl NaHCO3 KCl Dextrose MgCl2∙6H2O CaCl2∙2H2O

145 Na+ 145.0 122.0 23.0 4.6 5.5 0.7 1.25 7.40 ± 0.02

155 Na+ 155.0 132.0 23.0 4.6 5.5 0.7 1.25 7.40 ± 0.02

Table 2.   Summary of end-diastolic pressure (EDP), left-ventricular developed pressure (LVDP), flow rate 
(FR), and heart rate (HR) during the baseline perfusion period. All measurements were obtained 25-min post-
cannulation. *Indicates p < 0.05 as determined by unpaired student’s t-test.

n EDP (mmHg) LVDP (mmHg) FR (mL/min) HR (bpm)

145 Na+ 16 6.3 ± 5.2 50.6 ± 16.8 11.2 ± 5.9 273.6 ± 57.4

155 Na+ 13 6.4 ± 7.0 28.5 ± 10.6* 12.2 ± 8.1 277.4 ± 61.3



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17289  | https://doi.org/10.1038/s41598-020-74069-x

www.nature.com/scientificreports/

Received: 5 March 2020; Accepted: 28 August 2020

References
	 1.	 Entz, M. et al. Heart rate and extracellular sodium and potassium modulation of gap junction mediated conduction in Guinea 

pigs. Front. Physiol. 7, 1–10. https​://doi.org/10.3389/fphys​.2016.00016​ (2016).
	 2.	 George, S. A. et al. Modulating cardiac conduction during metabolic ischemia with perfusate sodium and calcium in guinea pig 

hearts. Am. J. Physiol. Heart Circ. Physiol. 316(4), H849–H861. https​://doi.org/10.1152/ajphe​art.00083​.2018 (2019).
	 3.	 Hoeker, G. S. et al. Attenuating loss of cardiac conduction during no-flow ischemia through changes in perfusate sodium and 

calcium. Am. J. Physiol. Circ. Physiol. 1, 1. https​://doi.org/10.1152/ajphe​art.00112​.2020 (2020).
	 4.	 Wilbrandt, K. D., & Koller, H. Die Calciumwirkung am Froschherzen als Funktion des Ionengleichgewichts zwischen Zellmembran 

und Umgebung. Helv. Physiol. Pharmacol. Acta6(2), 208–21 (1948). https​://www.ncbi.nlm.nih.gov/pubme​d/18874​558.
	 5.	 Luttgau, H. C. & Niedergerke, R. The antagonism between Ca and Na ions on the frog’s heart. J. Physiol. 143(3), 486–505. https​://

doi.org/10.1113/jphys​iol.1958.sp006​073 (1958).
	 6.	 Miller, D. J. & Smith, G. L. Lüttgau & Niedergerke; the classic study of calcium-sodium antagonism half a century on. J. Physiol. 

588(Pt 1), 23–25. https​://doi.org/10.1113/jphys​iol.2009.18424​2 (2010).
	 7.	 Goldhaber, J. I., & Philipson, K. D. Cardiac sodium-calcium exchange and efficient excitation-contraction coupling: implications 

for heart disease. 961(2011), 355–364 (2013).
	 8.	 Kozeny, G. A. et al. In vivo effects of acute changes in osmolality and sodium concentration on myocardial contractility. Am. Heart 

J. 109(2), 290–296. https​://doi.org/10.1016/0002-8703(85)90596​-4 (1985).
	 9.	 Allen, D. G., Eisner, D. A., Lab, M. J. & Orchard, C. H. The effects of low sodium solutions on intracellular calcium concentration 

and tension in ferret ventricular muscle. J. Physiol. 345, 391–407. https​://doi.org/10.1113/jphys​iol.1983.sp014​984 (1983).
	10.	 Said, M. et al. Calcium-calmodulin dependent protein kinase II (CaMKII): a main signal responsible for early reperfusion arrhyth-

mias. J. Mol. Cell. Cardiol. 51(6), 936–944. https​://doi.org/10.1016/j.yjmcc​.2011.08.010 (2011).
	11.	 Yang, C. F. Clinical manifestations and basic mechanisms of myocardial ischemia/reperfusion injury. Tzu Chi Med. J. 30(4), 

209–215. https​://doi.org/10.4103/tcmj.tcmj_33_18 (2018).
	12.	 Toda, N. Effects of calcium, sodium and potassium ions on contractility of isolated atria and their responses to noradrenaline. Br. 

J. Pharmacol. 36(2), 350–367. https​://doi.org/10.1111/j.1476-5381.1969.tb095​10.x (1969).
	13.	 Despa, S. & Bers, D. M. Na+ transport in the normal and failing heart: remember the balance. J. Mol. Cell. Cardiol. 61, 2–10. https​

://doi.org/10.1016/j.yjmcc​.2013.04.011 (2013).
	14.	 Bers, D. M. Cardiac excitation–contraction coupling. Nature 415(6868), 198–205. https​://doi.org/10.1038/41519​8a (2002).
	15.	 Matsuda, T., et al., SEA0400, a novel and selective inhibitor of the Na-Ca 2 exchanger, attenuates reperfusion injury in the in vitro 

and in vivo cerebral ischemic models. Accessed 21 Apr 2020. [Online]. Available: https​://jpet.aspet​journ​als.org (2001).
	16.	 Tanaka, H. et al. Effect of SEA0400, a novel inhibitor of sodium-calcium exchanger, on myocardial ionic currents. Br. J. Pharmacol. 

135(5), 1096–1100. https​://doi.org/10.1038/sj.bjp.07045​74 (2002).
	17.	 Lee, J. A. & Allen, D. G. Mechanisms of acute ischemic contractile failure of the heart: role of intracellular calcium. J. Clin. Invest. 

88(2), 361–367. https​://doi.org/10.1172/JCI11​5311.could​ (1991).
	18.	 Maack, C. et al. Elevated cytosolic Na+ decreases mitochondrial Ca2+ uptake during excitation-contraction coupling and impairs 

energetic adaptation in cardiac myocytes. Circ. Res. 99(2), 172–182. https​://doi.org/10.1161/01.RES.00002​32546​.92777​.05 (2006).
	19.	 Bacaksiz, A. et al. Does pantoprazole protect against reperfusion injury following myocardial ischemia in rats?. Eur. Rev. Med. 

Pharmacol. Sci. 17(2), 269–275 (2013).
	20.	 Hoeker, G. S., James, C. C., Barrett, S. H., Smyth, J. W. & Poelzing, S. Combined effects of gap junctional and ephaptic coupling 

therapies on conduction and arrhythmogenesis during ischemia/reperfusion. Biophys. J. 114(3), 623a. https​://doi.org/10.1016/j.
bpj.2017.11.3368 (2018).

	21.	 Reiter, M., Seibel, K. & Stickel, F. J. Sodium dependence of the inotropic effect of a reduction in extracellular potassium concentra-
tion. Naunyn. Schmiedebergs. Arch. Pharmakol. 268(4), 361–378. https​://doi.org/10.1007/bf009​97062​ (1971).

	22.	 Reiter, M. The effect of sodium ions in the relationship between frequency and force of the contraction of isolated guinea pig 
myocardium. Naunyn. Schmiedebergs. Arch. Pharmakol. Exp. Pathol. 254(3), 261–286 (1966).

	23.	 Weber, C. R., Piacentino, V., Houser, S. R. & Bers, D. M. Dynamic regulation of sodium/calcium exchange function in human 
heart failure. Circulation 108(18), 2224–2229. https​://doi.org/10.1161/01.CIR.00000​95274​.72486​.94 (2003).

	24.	 Orchard, C. H. & Kentish, J. C. Effects of changes of pH on the contractile function of cardiac muscle. Am. J. Physiol. 258(6 Pt 1), 
C967–C981. https​://doi.org/10.1152/ajpce​ll.1990.258.6.C967 (1990).

	25.	 Westfall, M. V., Borton, A. R., Albayya, F. P. & Metzger, J. M. Myofilament calcium sensitivity and cardiac disease: insights from 
troponin I isoforms and mutants. Circ. Res. 91(6), 525–531. https​://doi.org/10.1161/01.res.00000​34710​.46739​.c0 (2002).

	26.	 Wilder, C. D. E., Masoud, R., Yazar, D. & B. A. O’brien, T. R. Eykyn, and M. J. Curtis, ,. Contractile function assessment by intra-
ventricular balloon alters the ability of regional ischaemia to evoke ventricular fibrillation. Br. J. Pharmacol. 173, 39. https​://doi.
org/10.1111/bph.13332​ (2016).

	27.	 Iwai, T. et al. Sodium accumulation during ischemia induces mitochondrial damage in perfused rat hearts. Cardiovasc. Res. 55, 
141–149 (2002).

	28.	 Zhang, J. et al. Accumulation of succinate in cardiac ischemia primarily occurs via canonical krebs cycle activity. Cell Rep. 23(9), 
2617–2628. https​://doi.org/10.1016/j.celre​p.2018.04.104 (2018).

	29.	 Liu, F., Lu, J., Manaenko, A., Tang, J. & Hu, Q. Mitochondria in ischemic stroke: new insight and implications. Aging Dis. 9(5), 
924–937. https​://doi.org/10.14336​/AD.2017.1126 (2018).

	30.	 Kuznetsov, A. V. et al. The role of mitochondria in the mechanisms of cardiac ischemia-reperfusion injury. Antioxidants 8(10), 1. 
https​://doi.org/10.3390/antio​x8100​454 (2019).

	31.	 Ganote, C. E. Contraction band necrosis and irreversible myocardial injury. J. Mol. Cell. Cardiol. 15(2), 67–73. https​://doi.
org/10.1016/0022-2828(83)90283​-3 (1983).

	32.	 Piper, H. M., Abdallah, Y. & Schäfer, C. The first minutes of reperfusion: a window of opportunity for cardioprotection. Cardiovasc. 
Res. 61(3), 365–371. https​://doi.org/10.1016/j.cardi​ores.2003.12.012 (2004).

	33.	 Schaff, H. V., Gott, V. L., Goldman, R. A., Frederiksen, J. W. & Flaherty, J. T. Mechanism of elevated left ventricular end-
diastolic pressure after ischemic arrest and reperfusion. Am. J. Physiol. 240(2), H300–H307. https​://doi.org/10.1152/ajphe​
art.1981.240.2.H300 (1981).

	34.	 Piper, H. M., Meuter, K. & Schäfer, C. Cellular mechanisms of ischemia-reperfusion injury. Ann. Thorac. Surg. 75(2), S644–S648. 
https​://doi.org/10.1016/S0003​-4975(02)04686​-6 (2003).

	35.	 Ibarrola, J. et al. Myocardial injury after ischemia/reperfusion is attenuated by pharmacological galectin-3 inhibition. Sci. Rep. 
9(1), 9607. https​://doi.org/10.1038/s4159​8-019-46119​-6 (2019).

	36.	 Doenst, T., Nguyen, T. D. & Abel, E. D. Cardiac metabolism in heart failure: implications beyond atp production. Circ. Res. 113(6), 
709–724. https​://doi.org/10.1161/CIRCR​ESAHA​.113.30037​6 (2013).

	37.	 Koretsune, Y., Corretti, M. C., Kusuoka, H. & Marban, E. Mechanism of early ischemic contractile failure. Inexcitability, metabolite 
accumulation, or vascular collapse?. Circ. Res. 68(1), 255–262. https​://doi.org/10.1161/01.RES.68.1.255 (1991).

https://doi.org/10.3389/fphys.2016.00016
https://doi.org/10.1152/ajpheart.00083.2018
https://doi.org/10.1152/ajpheart.00112.2020
http://www.ncbi.nlm.nih.gov/pubmed/18874558
https://doi.org/10.1113/jphysiol.1958.sp006073
https://doi.org/10.1113/jphysiol.1958.sp006073
https://doi.org/10.1113/jphysiol.2009.184242
https://doi.org/10.1016/0002-8703(85)90596-4
https://doi.org/10.1113/jphysiol.1983.sp014984
https://doi.org/10.1016/j.yjmcc.2011.08.010
https://doi.org/10.4103/tcmj.tcmj_33_18
https://doi.org/10.1111/j.1476-5381.1969.tb09510.x
https://doi.org/10.1016/j.yjmcc.2013.04.011
https://doi.org/10.1016/j.yjmcc.2013.04.011
https://doi.org/10.1038/415198a
http://jpet.aspetjournals.org
https://doi.org/10.1038/sj.bjp.0704574
https://doi.org/10.1172/JCI115311.could
https://doi.org/10.1161/01.RES.0000232546.92777.05
https://doi.org/10.1016/j.bpj.2017.11.3368
https://doi.org/10.1016/j.bpj.2017.11.3368
https://doi.org/10.1007/bf00997062
https://doi.org/10.1161/01.CIR.0000095274.72486.94
https://doi.org/10.1152/ajpcell.1990.258.6.C967
https://doi.org/10.1161/01.res.0000034710.46739.c0
https://doi.org/10.1111/bph.13332
https://doi.org/10.1111/bph.13332
https://doi.org/10.1016/j.celrep.2018.04.104
https://doi.org/10.14336/AD.2017.1126
https://doi.org/10.3390/antiox8100454
https://doi.org/10.1016/0022-2828(83)90283-3
https://doi.org/10.1016/0022-2828(83)90283-3
https://doi.org/10.1016/j.cardiores.2003.12.012
https://doi.org/10.1152/ajpheart.1981.240.2.H300
https://doi.org/10.1152/ajpheart.1981.240.2.H300
https://doi.org/10.1016/S0003-4975(02)04686-6
https://doi.org/10.1038/s41598-019-46119-6
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1161/01.RES.68.1.255


9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17289  | https://doi.org/10.1038/s41598-020-74069-x

www.nature.com/scientificreports/

	38.	 Watters, T., Wikman-Coffelt, J., Wu, S., James, T. L., Sievers, R., & Parmley, W. W. Effects of perfusion pressure on energy and work 
of isolated rat hearts. Accessed 21 Apr 2020. [Online]. Available: https​://ahajo​urnal​s.org.

	39.	 Bøtker, H. E. et al. Practical guidelines for rigor and reproducibility in preclinical and clinical studies on cardioprotection. Basic 
Res. Cardiol. 113(5), 39. https​://doi.org/10.1007/s0039​5-018-0696-8 (2018).

	40.	 Wu, A. K., Blaschko, S. D., Garcia, M., McAninch, J. W. & Aaronson, D. S. Safer urethral catheters: how study of catheter balloon 
pressure and force can guide design. BJU Int. 109(7), 1110–1114. https​://doi.org/10.1111/j.1464-410X.2011.10510​.x (2012).

	41.	 Sham, J. S., Hatem, S. N. & Morad, M. Species differences in the activity of the Na(+)-Ca2+ exchanger in mammalian cardiac 
myocytes. J. Physiol. 488(3), 623–631. https​://doi.org/10.1113/jphys​iol.1995.sp020​995 (1995).

	42.	 Entz, M. W., King, D. R., & Poelzing, S. Design and validation of a tissue bath 3D printed with PLA for optically mapping suspended 
whole heart preparations. Am. J. Physiol. Hear. Circ. Physiol., Sep. 2017. Available: https​://ajphe​art.physi​ology​.org/conte​nt/early​
/2017/09/20/ajphe​art.00150​.2017.abstr​act.

	43.	 Frasier, C. R. et al. Short-term exercise preserves myocardial glutathione and decreases arrhythmias after thiol oxidation and 
ischemia in isolated rat hearts. J. Appl. Physiol. 111(6), 1751–1759. https​://doi.org/10.1152/jappl​physi​ol.01214​.2010 (2011).

Acknowledgements
This study was supported by National Institutes of Health F31-HL147438 awarded to DRK, National Institutes 
of Health R01-HL132236 awarded to JWS, National Institutes of Health R01-HL123647 awarded to DAB, and 
National Institutes of Health R01-HL141855, R01-HL138003, R01-HL102298 awarded to SP.

Author contributions
D.R.K., R.L.P., D.A.B., and S.P. conceived and designed research. D.R.K., R.L.P., and J.P. performed experiments. 
D.R.K., R.L.P., J.P., G.S.H., J.W.S., D.A.B., and S.P. analyzed data and interpreted results of the experiment. D.R.K., 
R.L.P., G.S.H., J.W.S., D.A.B., and S.P. prepared figures. D.R.K., R.L.P., and S.P. drafted manuscript. D.R.K., R.L.P., 
J.P., G.S.H., J.W.S., D.A.B., and S.P. edited and revised manuscript. D.R.K., R.L.P., J.P., G.S.H., J.W.S., D.A.B., and 
S.P. approved final version of manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

http://ahajournals.org
https://doi.org/10.1007/s00395-018-0696-8
https://doi.org/10.1111/j.1464-410X.2011.10510.x
https://doi.org/10.1113/jphysiol.1995.sp020995
http://ajpheart.physiology.org/content/early/2017/09/20/ajpheart.00150.2017.abstract
http://ajpheart.physiology.org/content/early/2017/09/20/ajpheart.00150.2017.abstract
https://doi.org/10.1152/japplphysiol.01214.2010
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Elevated perfusate [Na+] increases contractile dysfunction during ischemia and reperfusion
	Results
	Baseline: [Na+] and left ventricular developed pressure. 
	Baseline: NCX and LVDP. 
	Ischemia: [Na+] and ischemic contracture. 
	Reperfusion: [Na+] and cardiac functional recovery. 

	Discussion
	Baseline. 
	Ischemia. 
	Reperfusion. 
	Limitations. 

	Conclusions
	Methods
	Langendorff heart preparation. 
	NCX inhibition with SEA0400. 
	Statistical analysis. 

	References
	Acknowledgements


