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Abstract

Rewarming following accidental hypothermia is associated with circulatory collapse due primarily 

to impaired cardiac contractile (systolic) function. Previously, we found that reduced myofilament 

Ca2+ sensitivity underlies hypothermia/rewarming (H/R)-induced cardiac contractile dysfunction. 

This reduced Ca2+ sensitivity is associated with troponin I (cTnI) phosphorylation. We 

hypothesize that H/R induces reactive oxygen species (ROS) formation in cardiomyocytes, which 

leads to cTnI phosphorylation and reduced myofilament Ca2+ sensitivity. To test this hypothesis, 

we exposed isolated rat cardiomyocytes to a 2-h period of severe hypothermia (15°C) followed by 

rewarming (35°C) with and without antioxidant (TEMPOL) treatment. Simultaneous 

measurements of cytosolic Ca2+ ([Ca2+]cyto) and contractile (sarcomere shortening) responses 

indicated that H/R-induced contractile dysfunction and reduced Ca2+ sensitivity was prevented in 

cardiomyocytes treated with TEMPOL. In addition, TEMPOL treatment blunted H/R-induced 

cTnI phosphorylation. These results support our overall hypothesis and suggest that H/R disrupts 

excitation-contraction coupling of the myocardium through a cascade of event triggered by 

excessive ROS formation during hypothermia. Antioxidant treatment may improve successful 

rescue of accidental hypothermia victims.
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1. Introduction

Guidelines for rescue of accidental hypothermia victims have not been standardized due to 

an incomplete understanding of the key physiological responses to hypothermia and 

rewarming (H/R) [6]. Clinical evidence indicates high mortality of accidental hypothermia 

victims related to “rewarming shock”, defined as circulatory failure occurring during 

rewarming [26].

Experimental models of H/R demonstrate that rewarming shock is associated with 

insufficient cardiac contractile function during systole attributed by reduced myofilament 

Ca2+ sensitivity rather than altered [Ca2+]cyto levels per se [16, 36].

In rat papillary muscle [16] and isolated cardiomyocytes [36], Ca2+ sensitivity of force 

generation is reduced following H/R, and is associated with increased phosphorylation of 

cardiac troponin I (cTnI). In other models of cardiac contractile failure, excessive formation 

of reactive oxygen species (ROS) has been suggested to play an important role in reducing 

Ca2+ sensitivity [32, 40, 44]. Although there is in vitro evidence of hypothermia-induced 

ROS formation in a variety of mammalian cells [1, 8, 33], it is unknown whether increased 

ROS formation plays a role in the H/R-induced reduction in Ca2+ sensitivity and contractile 

dysfunction in cardiomyocytes.

We hypothesize that H/R induces excessive ROS formation in cardiomyocytes, which 

underlies cTnI phosphorylation and reduced Ca2+ sensitivity. To test this hypothesis, we 

measured ROS formation in isolated ventricular cardiomyocytes during H/R. We also 

determined whether treatment of cardiomyocytes with an antioxidant, TEMPOL, mitigates 

H/R-induced changes in cardiomyocyte contraction, cTnI phosphorylation and Ca2+ 

sensitivity.

Materials and Methods

2.1 Animals

The use and handling of rats for this study was in accordance with the Mayo Clinic 

Institutional Animal Care and Use Committee (IACUC). A total of 24 male Sprague-Dawley 

rats (250–350 g) were used in this study. These rats were equally assigned to 4 experimental 

conditions: 1) control (CTL), 2) CTL + TEMPOL, 3) hypothermia/rewarming (H/R), and 4) 

H/R + TEMPOL. The animals were anesthetized by intramuscular injection of 90 mg/kg 

ketamine with 10 mg/kg xylazine, and the hearts were excised.

2.2 Cardiomyocyte isolation

The method for isolating cardiomyocytes has been described previously [36]. Briefly, the 

freshly-excised heart was cannulated via the aorta, connected to a modified Langendorff 
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apparatus and perfused with warmed (37°C) enzyme solution containing collagenase type II 

(0.6 mg/ml, Worthington) to isolate cardiomyocytes from the myocardium. Isolated 

cardiomyocytes were washed by resuspending cells following centrifugation. Finally, 

cardiomyocytes were resuspended in a M199 culture media containing 5% fetal bovine 

serum (FBS) and incubated at 35°C for 30 min before evoking contractions.

With this isolation technique, most of freshly-isolated cardiomyocytes maintained a straight, 

rod-shaped morphology with clear sarcomere patterns throughout the cell. Only rod-shaped 

cells with a clear contractile response to stimulation (see below) were included in this study. 

Using this technique, robust cardiomyocyte contractile responses can be maintained for up 

to 5 h at 100% survival during continuous pacing at 0.5 Hz.

2.3 Hypothermia/Rewarming protocol and contractile and [Ca2+]cyto measurements

After cardiomyocyte isolation was complete, cells were placed in a glass coverslip based cell 

chamber. The cell chamber allowed for continuous perfusion of cells with oxygenated 

Tyrode solution (95% O2 and 5% CO2). A pair of platinum electrodes were attached to the 

cell chamber and stimulated at 0.5 Hz using the MyoPacer (IonOptix) to evoke contractile 

responses over time. Electrical pacing during continuous solution perfusion was done for 30 

min before measurement to allow sufficient time for stabilization of contractile responses.

The cell chamber and perfusing solutions were surrounded by water flowing through a 

precision digital circulating water bath. Using a feedback circuit, the temperature of the 

perfusion solution was either maintained at 35°C (time-matched control) or in the H/R group 

changed as follows (illustrated in Figure 1): cooled from 35°C to 15°C over a 30-min period, 

then maintained at 15°C for 2 h, followed by rewarming to 35°C over a 30-min period 

(overall experiment completed in 3 h).

In the TEMPOL-treated group, 200 μM of TEMPOL (4-Hydroxy-2,2,6,6-

tetramethylpiperidine-N-oxyl) was added to the perfusion solution at the onset of 

hypothermia and treatment (or time CTL) and continued throughout the remaining protocol. 

TEMPOL is a widely used superoxide dismutase (SOD) mimetic and a pleiotropic 

intracellular antioxidant. Importantly, TEMPOL is cell membrane permeable. We tested the 

effects of TEMPOL in time-matched control myocytes, and if anything, TEMPOL stabilized 

contractility over the 3-h time period of the experiment. This is likely due to the production 

of ROS over time, which may account for some rundown of the preparation.

In isolated cardiomyocytes, evoked [Ca2+]cyto and contractile responses were measured 

simultaneously using an IonOptix system, as previously described [16, 36]. Briefly, 

cardiomyocytes were incubated with 0.5 μM Fura-2 AM for 10 min at 35°C. Fura-2 

fluorescence was excited using alternate wavelengths of 340 and 380 nm and fluorescence 

emission was measured at 510 nm. Contractility was assessed by measuring sarcomere 

length based on fast Fourier analysis of sarcomeric striation pattern (IonOptix). 

Cardiomyocytes were stimulated using electrical field stimulation (5 ms pulse width, 0.5 

Hz), Only cardiomyocytes with robust [Ca2+]cyto (peak > 500 nM) and contractile responses 

(>5% shortening from resting sarcomere length) were included for further analysis. 

Approximately 75% of isolated cardiomyocytes met these inclusion criteria.
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2.4 Measurements of intracellular superoxide anions

Two complementary techniques were used to determine ROS generation in cardiomyocytes 

following H/R exposure. HPLC-based measurement of oxy-ethidium was performed as 

described in [10, 15] with minor modification for use in isolated cardiomyocytes. Briefly, 

the accumulation of oxy-ethidium is used to indicate the conversion of dihydroethidium 

(DHE) by superoxide anions. Using fluorescence detection, oxy-ethidium is quantified as 

the area under the curve at a unique retention time distinct from other fluorescent products 

such as ethidium [51]. Cells were incubated in phosphate based saline (PBS) solution 

containing 10 μM of dihydroethidium (Molecular Probes) at 37° C for 15 min. The cells 

were washed to remove free dihydroethidium in Krebs-HEPES buffer for 1 h at 37°C. After 

the wash, the cells were centrifuged at 12,000 g for 10 min at 4°C. The supernatant was 

eluted and analyzed to quantify oxy-ethidium from the reaction of DHE and superoxide 

anions using high-performance liquid chromatography (HPLC)/fluorescence assay. [10]. The 

pellets in 2% SDS were saved for protein assay (Bio-Rad DC protein assay). Intracellular 

superoxide anion levels were determined by normalizing the quantity of oxy-ethidium for 

protein concentration.

Changes in fluorescence of MitoSOX Red (Invitrogen) was used as a second technique for 

ROS detection in individual cardiomyocytes. Using this technique, cardiomyocytes were 

incubated with 5 μM MitoSOX for 10 min at 35°C, and subsequently imaged using a Nikon 

A1R confocal system equipped with a Plan-Apo 60x/1.4 numerical aperture oil objective. 

MitoSox Red was excited at 488 nm and resulting emission was measured at 590 nm. 

MitoSox Red is targeted to the mitochondria and fluoresces after reaction with superoxide 

anions.

2.5 Western blot

Cardiomyocytes samples were lysed and protein extracted in radio-immunoprecipitation 

assay (RIPA) buffer supplemented with 2% sodium dodecyl sulfate (SDS) and 

phenylmethane sulfonyl fluoride (PMSF). Protein lysates were collected by centrifuging at 

10,000 g for 15 min at 4°C. To prepare the sample for Western blot, total protein content was 

measured using a Lowry assay (Bio-Rad DC protein assay) in order to achieve equal loading 

of protein sample during SDS-PAGE. Samples were denatured by boiling at 100°C for 3 

min. Using SDS-PAGE, protein samples were fractionated over a gel and then electrically 

transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The protein-

containing PVDF membranes were blocked using 5% dry milk and then incubated with 

antibodies for the protein of interest. After incubating with horseradish peroxidase (HRP) 

conjugated secondary antibodies, PVDF membranes were treated with an enhanced 

chemiluminescence HRP substrate according the manufacturer’s instructions (Thermo 

Scientific SuperSignal West Dura Extended Duration Substrate). Finally, the PVDF 

membranes were imaged and analyzed using a Kodak Imaging System. Actin was used as a 

loading control and the extent of TnI phosphorylation was presented as the ratio of p-TnI to 

TnI.
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2.6 Chemicals and solutions

Solutions used for these experiments have been defined in our previous study [36]. The 

enzyme used for cell isolation was Collagenase Type II (Worthington). Antibodies used for 

Western blot include: actin (Cytoskeleton, Inc.), cTnI (Fitzgerald), and p-TnI at Ser23/24 

(Cell Signaling).

2.7 Statistical methods

In the experimental design, each isolated cardiomyocyte served as its own control, and 

changes were assessed relative to the initial condition before H/R or addition of TEMPOL. 

A total of 6 rats were assigned to each of the 4 experimental groups and 3–5 cardiomyocytes 

were studied per heart. The final number of cardiomyocytes studied for each experimental 

group varied from 22 to 30. Based on a power analysis to detect a 20% change in primary 

outcome measured (power = 80%, α = 0.05) a total number of at least 15 cardiomyocytes 

was required, so the experimental design exceeded this number for each of the major 

outcome measures. The results shown in the figures are the overall mean and standard 

deviation of the individual cardiomyocyte responses. The data was statistically analyzed 

using a two-way repeated measure ANOVA. If a primary effect of treatment or time was 

observed, a post-hoc Bonferroni Student t-test was used for further analysis. Statistical 

significance at P<0.05 is indicated using an asterisk in the figures.

3. Results

3.1 Reactive oxygen species formation increases in cardiomyocytes exposed to H/R

In cardiomyocytes loaded with DHE, H/R induced an increase in intracellular ROS 

formation as reflected by an increase in oxy-ethidium (Fig. 2). A disadvantage of this 

technique is that it only allows end-point measurements. In this respect, it should be noted 

that the time controls displayed an increase in oxy-ethidium over the 3-h period, indicating 

ROS formation. However, the H/R-induced change in oxy-ethidium in cardiomyocytes was 

36% greater than the time controls (P<0.05).

In cardiomyocytes loaded with the mitochondrially-targeted fluorescent indicator MitoSOX 

Red, H/R also induced an increase in intracellular ROS formation, as indicated by an 

increase in MitoSOX fluorescence (Fig. 3). Using this technique, it was apparent that 

intracellular ROS formation began to increase during hypothermia, plateauing before 

rewarming. MitoSOX fluorescence also increased in the time controls, indicating ROS 

formation. However, the H/R-induced increase in MitoSOX fluorescence was ~60% greater 

at 2 h and ~30% at 3 h compared to time-matched CTLs (P<0.05; Fig. 3).

3.2 Contractile dysfunction following H/R is mitigated by TEMPOL

Evoked contractile responses were compared in four groups of cardiomyocytes (CTL with/

without TEMPOL and H/R with/without TEMPOL) over time (Fig 4). In CTL cells with/

without TEMPOL (Fig. 4A, C), there were no time-dependent differences in resting 

sarcomere length or the extent of sarcomere shortening for the entire 3-h protocol. In 

contrast, during hypothermia in the H/R group, there was a significant time-dependent 

decrease in resting sarcomere length that was not mitigated by TEMPOL (Fig. 4A, C.). In 
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the H/R group, there was a significant time-dependent increase in the extent of sarcomere 

shortening (P<0.05; Fig. 4A, C), which was only slightly mitigated by TEMPOL treatment. 

Following rewarming in the H/R group, the extent of sarcomere shortening was reduced 

compared to initial values (P<0.05; Fig. 4A, C). With TEMPOL treatment in the H/R group, 

the extent of sarcomere shortening returned to CTL values after rewarming (Fig. 4A, C).

In the CTL group, the velocity of sarcomere shortening increased with time, which was 

mitigated by TEMPOL treatment (P<0.05; Fig. 4B, D). In the H/R group, the velocity of 

sarcomere shortening also increased with time, similar to CTLs (P<0.05; Fig. 4B, D). This 

effect on sarcomere shortening velocity was reversed by TEMPOL treatment throughout the 

3-h protocol in the H/R group (Fig. 4B, D). In both CTL and H/R groups, the velocity of 

relaxation increased progressively with time (P<0.05; Fig. 4B, D). This effect was mitigated 

by TEMPOL treatment in both CTL and H/R groups.

3.3 [Ca2+]cyto changes during hypothermia blunted by TEMPOL

Evoked [Ca2+]cyto responses were compared in four groups of cardiomyocytes (CTL with/

without TEMPOL and H/R with/without TEMPOL) over time (Fig. 5). In CTL 

cardiomyocytes, there was a slight time-dependent increase in basal [Ca2+]cyto levels that 

was mitigated by TEMPOL treatment (P<0.05; Fig. 5A, C). In the H/R group, the time-

dependent increase in basal [Ca2+]cyto levels was much more pronounced(P<0.05; Fig. 5B, 

C), and this effect was mitigated by TEMPOL treatment (P<0.05; Fig. 5B, C).

In CTL, there was a time-dependent increase in the peak evoked [Ca2+]cyto responses; an 

effect mitigated by TEMPOL treatment (Fig. 5A, C). . In contrast, in the H/R group, there 

was a much more pronounced increase in the peak evoked [Ca2+]cyto response (p<0.05; Fig. 

5B, C), which was partially mitigated by TEMPOL treatment.

In CTL cardiomyocytes with or without TEMPOL, there were no time-dependent changes in 

the duration of the [Ca2+]cyto transient, either the time to peak and 50% relaxation time (Fig. 

5A, D). In contrast, in the H/R group, there was a marked increase in the duration of the 

[Ca2+]cyto transient with an increase in both time to peak and 50% relaxation time (P<0.05; 

Fig. 5B, D). This effect was partially mitigated by TEMPOL treatment in the H/R group.

3.4 H/R-induced increased myofilament Ca2+ sensitivity prevented by TEMPOL

Changes in myofilament Ca2+ sensitivity were evaluated by comparing initial phase-loop 

plots after 3 h in the 4 experimental groups (CTL with or without TEMPOL and H/R, with 

or without TEMPOL; Fig 6). Compared to initial responses, there were no significant shifts 

in the phase-loop plots of CTL and CTL+TEMPOL groups after 3 h (Fig. 6A, B and C). In 

the H/R group, there was a pronounced rightward shift in the phase-loop plots indicating a 

decrease in myofilament Ca2+ sensitivity, which was mitigated by TEMPOL treatmet 

(P<0.05; Fig. 6A, B, and C). In the H/R group, the rightward shift of the phase-loop was 

reflected by an increase in both the [Ca2+]cyto required for 50% shortening and the 

[Ca2+]cyto level at which 50% relaxation occurred (P<0.05; Fig. 6B and C).
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3.5 H/R-induced TnI phosphorylation prevented by TEMPOL

Phosphorylation of TnI in cardiomyocytes was measured by comparing the relative changes 

of a phospho-specific marker to Ser 23/24 residues (p-TnI) to total TnI protein. In CTL 

groups, there were no time-dependent changes in the ratio of p-TnI/TnI in cardiomyocytes. 

In contrast, in the H/R group, the ratio of p-TnI/TnI in cardiomyocytes increased 

progressively during hypothermia (P<0.05; Fig. 7), which was prevented by TEMPOL 

treatment (Fig. 7).

4. Discussion

In support of our hypothesis, the results of the present study show that ROS formation 

increases in cardiomyocytes during hypothermia and may contribute to contractile 

dysfunction and reduced myofilament Ca2+ sensitivity. In support, we found that scavenging 

excess ROS formation using the antioxidant TEMPOL largely mitigates the effects of H/R. 

TEMPOL treatment prevented contractile dysfunction following H/R and prevented 

hypothermia-induced cTnI phosphorylation, a key molecular determinant of myofilament 

Ca2+ sensitivity and a key player in H/R-induced contractile dysfunction. In addition, 

TEMPOL treatment did not have significant consequences on either [Ca2+]cyto, contractile 

function, or myofilament Ca2+ sensitivity during normothermia controls (CTL and CTL + 

TEMPOL). These results support antioxidant treatment as a viable therapeutic strategy for 

rescue of accidental hypothermia victims.

4.1 The role of increased ROS formation during H/R

The term “ROS” refers to a variety of chemical species with unique properties including 

superoxide anions, hydrogen peroxide, hydroxyl, etc. Furthermore, ROS can damage 

biological systems, yet ROS can also play a wide variety of signaling roles that are adaptive 

or protective [7, 18, 37]. Likewise, antioxidant treatment has not always had beneficial 

clinical outcomes [41]. Due to the ambiguous nature of ROS in terms of both structure and 

function, this study was designed to specifically focused on superoxide formation from the 

mitochondria after H/R exposure based on supporting evidence discussed below. 

Furthermore, we hypothesized that increased superoxide formation contributes to the 

signaling cascade culminating in contractile failure following H/R. Our results using the 

superoxide dismutase mimetic, TEMPOL, support this hypothesis by preventing H/R-

induced contractile function.

The mitochondrial electron transport chain (ETC) is a major site of superoxide anion 

formation. Cardiomyocytes have a particularly high capacity for excessive ROS generation 

given a relatively high mitochondrial density and therefore an abundance of site for ROS 

formation [30]. Accordingly, mitochondrial ROS plays a key role in the pathophysiology of 

many cardiac-specific conditions such as ischemia-reperfusion injury and heart failure [29, 

45].

Superoxide formation increases when the mitochondrial ETC is stimulated, e.g., with an 

increase in [Ca2+]cyto [3, 5, 17], an increase in ATP hydrolysis (increased [ADP/ATP]cyto) 

[35], and/or an increase in mitochondrial uncoupling [5, 19]. All three factors may occur 
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during H/R. First of all, our group has previously reported that hypothermia increases basal 

[Ca2+]cyto levels in cardiomyocytes and markedly prolongs the duration of evoked [Ca2+]cyto 

responses [36]. This hypothermia-induced [Ca2+]cyto overload may underlie the increase in 

ROS generation. Secondly, hypothermia also has a positive inotropic effect on 

cardiomyocyte contraction [38], reflected by an increase in contractile force of rat papillary 

muscle [16] and work performed by the left ventricle [28]. This suggests an increase in ATP 

hydrolysis [39] and a corresponding increase in the [ADP/ATP]cyto that would stimulate the 

ETC and oxidative phosphorylation, leading to an increase in ROS formation. As a third 

point, cellular thermogenesis is achieved in part by activation of mitochondrial uncoupling 

proteins (UCPs) resulting in thermodynamic inefficiency and heat production but also an 

associated increase in ROS formation [9, 13].

4.2 The limitations of superoxide anion measurement

In this study, two methods to detect superoxide anion were used: 1) an HPLC-based 

superoxide assay and 2) MitoSOX live-cell imaging. Although HPLC-based methods show 

superior superoxide-specific detection [20, 21, 48, 52], the HPLC measurement requires 

lysis of cells and therefore limited to a single measurement in time per sample. Both 

methods were included to provide converging evidence that ROS formation increases during 

H/R. We found that H/R was associated with an increase in ROS, specifically superoxide, 

formation in cardiomyocytes. These results are consistent with previous reports showing an 

association between hypothermia exposure and increased ROS formation in various 

mammalian cells types [1, 8, 33].

4.3 Hypothermia affects basal [Ca2+]cyto and evoked [Ca2+]cyto responses

The hypothermia-induced increase in basal [Ca2+]cyto in cardiomyocytes has been 

previously reported by our group[36] and others [4, 24, 25, 42, 49] and has been referred to 

as a [Ca2+]cyto overload [47]. Treatment with TEMPOL mitigated this hypothermia-induced 

increase in basal [Ca2+]cyto in cardiomyocytes suggesting that ROS formation plays a role. 

Several important Ca2+ handling proteins are functionally sensitive to increased ROS levels. 

For example, cardiac ryanodine receptors (RyR2), the major Ca2+ release channels in the 

sarcoplasmic reticulum, contain multiple reactive thiol groups, which make RyR2 

particularly vulnerable to increased ROS formation [27]. In response to ROS, RyR2 open 

probability increases leading to increased spontaneous Ca2+ release from the SR [2, 22]. In 

addition, sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), the major Ca2+ reuptake 

channel, is inhibited by increased ROS formation, slowing Ca2+ reuptake into the SR [53]. 

Thus, the combined response of hypothermia-induced activation of RyR2 and inhibition of 

SERCA would contribute to an increase in basal [Ca2+]cyto.

Consistent with our previous report [36], we found that hypothermia induces a prolongation 

of evoked [Ca2+]cyto responses in cardiomyocytes that return to normal after rewarming. 

Treatment with TEMPOL did not affect the hypothermia-induced slowing of the kinetics of 

the evoked [Ca2+]cyto responses in cardiomyocytes. The slowing of the evoked [Ca2+]cyto 

responses could reflect the primary effects of temperature on RyR2 open probability or 

SERCA activity, independent of ROS modification.
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4.4 ROS-sensitive targets underlie contractile dysfunction following H/R

The contractile dysfunction of cardiomyocytes induced by H/R and prevented by TEMPOL 

does not involve altered [Ca2+]cyto at rewarming, but does involve Ca2+-sensitivity of the 

myofilaments or sarcomere [36]. As we previously reported, H/R induces PKA activation 

and cTnI phosphorylation at Ser 23/24 [36]. Similarly, β-adrenergic stimulation also induces 

PKA activation and cTnI phosphorylation at Ser 23/24 [43, 50]. In the present study, we 

found that TEMPOL did prevent cTnI phosphorylation, supporting the central role that 

increased ROS formation and cTnI phosphorylation plays in contractile dysfunction induced 

by H/R.

Other than cTnI phosphorylation resulting from ROS-sensitive kinases, other sarcomere-

targeted modifications include direct oxidation of reactive cysteine residues. We have shown 

previously that oxidative stress can lead to reduced myofilament Ca2+ sensitivity via 

oxidative modification of reactive thiols on the myosin head [32].

4.5 Antioxidants as a potential therapy for accidental hypothermia victim rescue

Unfortunately, treatment options for accidental victims are limited. Previous research has 

focused on either catecholamine or Ca2+ sensitizer treatment to stimulate contractile 

function during rewarming. However, epinephrine treatment, which typically promotes a 

positive inotropic response in cardiomyocytes at normothermia, is ineffective in 

hypothermia-exposed cardiomyocytes. [12, 23, 46] On the other hand, the use of the Ca2+ 

sensitizer, levosimendan, appears to improve cardiac function after hypothermia exposure in 

an acute animal model [11, 34]. Levosimendan does not directly target cTnI, but instead 

targets Ca2+-TnC interactions as well as other targets including phosphodiesterase 3 (PDE3) 

inhibition [14, 31]. Levosimendan is currently in use in other countries, but it is not available 

for use in the U.S. The current results support antioxidant treatment as an effective 

alternative to either catecholamine or Ca2+ sensitizer treatment during H/R, and potentially 

novel therapeutic strategy to rescue accidental hypothermia victims.

In conclusion, although H/R impairs cardiomyocyte contractile function during rewarming, 

treatment with antioxidant TEMPOL during hypothermia preserves contractile function 

during rewarming. The protective effect of TEMPOL is associated with prevention of 

decreased myofilament Ca2+ sensitivity as well as prevention of cTnI phosphorylation.
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CTL time-matched controls

cTnC cardiac troponin C

cTnI cardiac troponin I

DHE dihydroethidium

ETC mitochondrial electron transport chain

H/R hypothermia/rewarming

H/R + TEMPOL hypothermia/rewarming with TEMPOL treatment

HPLC high-performance liquid chromatography

PDE3 phosphodiesterase 3

ROS reactive oxidant species

RyR ryanodine receptors

SERCA sarco/endoplasmic reticulum Ca2+ ATPase

UCP mitochondrial uncoupling protein
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Fig. 1. 
Temperature over time of H/R and CTL groups. As shown, After an initial measurement 

(time 0), the CTL group was maintained at a constant temperature of 35°C (±TEMPOL). On 

the other hand, after an initial measurement, the H/R group was cooled from 35°C to 15°C 

within 0.5 h, maintained at 15°C for 2 h, and finally rewarmed from 15°C to 35°C within 0.5 

h (±TEMPOL). Evoked [Ca2+]cyto and contractile responses in cardiomyocytes in both CTL 

and H/R groups were measured at 0, 1, 2, and 3 h (solid circles).
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Fig. 2. 
Superoxide anion production in a population of cardiomyocytes was measured using an 

HPLC/fluorescence assay to detect oxy-ethidium. Data are presented as means ± standard 

deviations (n=6 animals/hearts). * P<0.05 vs CTL.
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Fig. 3. 
Superoxide anion production in individual cardiomyocytes was measured using MitoSOX 

Red fluorescence and confocal microscopy. After measuring initial MitoSox Red 

fluorescence measurements were obtained at 2 h, and 3 h under normothermic (35°C, time 

matched controls) and H/R conditions. Data are presented as means ± standard deviations 

(n=30 cells per condition). * P<0.05 vs initial measure; # P<0.05 vs CTL.

Schaible et al. Page 16

Cryobiology. Author manuscript; available in PMC 2021 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Schaible et al. Page 17

Cryobiology. Author manuscript; available in PMC 2021 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Contractile responses to electric field stimulation (0.5 Hz) of individual cardiomyocytes 

were measured under CTL (normothermic) and H/R conditions with and without concurrent 

TEMPOL treatment. Representative contractile responses of cardiomyocytes from CTL 

(±TEMPOL; A) and H/R (±TEMPOL; B) groups are shown and compared over time. 

Changes in initial resting sarcomere length (top) and the extent of sarcomere shortening 

(bottom) are shown in C. Changes in sarcomere shortening velocity (top) and relaxation 

velocity (bottom) are shown in D. Data are presented as means ± standard deviations. The 

number of cells used for each condition varied: CTL, n=22; CTL+TEMPOL, n=25; H/R, 

n=21; and H/R+TEMPOL, n=25. * P<0.05 vs initial value. # P<0.05 vs CTL, † P<0.05 vs 

CTL + TEMPOL, ‡ P<0.05 vs H/R + TEMPOL.
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Fig. 5. 
[Ca2+]cyto responses to electric field stimulation (0.5 Hz) of individual cardiomyocytes were 

measured under CTL (normothermic) and H/R conditions with and without concurrent 

TEMPOL treatment. . Representative [Ca2+]cyto responses of cardiomyocytes from CTL 

±TEMPOL (A) and H/R ±TEMPOL (B) groups are shown and compared over time. After 

determining initial basal [Ca2+]cyto levels and evoked [Ca2+]cyto responses for each cell, 

changes in basal [Ca2+]cyto and peak evoked [Ca2+]cyto responses were measured over time 

(C). Similarly, after measuring initial transient properties of the evoked [Ca2+]cyto responses 

to stimulation, changes in the time to peak (top) and time to 50% relaxation (bottom) of the 

[Ca2+]cyto responses were measured over time (D). Data are presented as means ± standard 

deviations. The number of cells used for each condition varied: CTL, n=22; CTL+TEMPOL, 

n=25; H/R, n=21; and H/R+TEMPOL, n=25. * P<0.05 vs initial value. # P<0.05 vs CTL, † 

P<0.05 vs CTL + TEMPOL, ‡ P<0.05 vs H/R + TEMPOL.
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Fig. 6. 
To assess the sensitivity of the contractile responses of cardiomyocyte to [Ca2+]cyto, 

simultaneous measurements of sarcomere shortening and [Ca2+]cyto were compared in a 

phase loop plot. (A). Compared to CTL, the phase-loop plots in time-matched CTL 

cardiomyocytes treated with TEMPOL were shifted rightward. Similarly, compared to CTL, 

the phase-loop plots in cardiomyocytes exposed to H/R were shifted rightward, but this shift 

was partially mitigated by TEMPOL treatment. These changes in phase-loop plots reflecting 

myofilament Ca2+ sensitivity were quantified using two metrics: B) the [Ca2+]cyto at which 

50% sarcomere shortening was observed, and C) the [Ca2+]cyto at which 50% sarcomere 

relaxation was observed. Data are presented as means ± standard deviations. . The number of 

cells used for each condition varied: CTL, n=22; CTL+TEMPOL, n=25; H/R, n=21; and 

H/R+TEMPOL, n=25. * P < 0.05 vs control.
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Fig. 7. 
Changes in TnI phosphorylation were measured over time using Western blot in 

cardiomyocytes exposed to H/R with and without TEMPOL. Data are presented as means ± 

standard deviations (n = 6 animals/hearts). * P<0.05 vs CTL, † P<0.05 vs H/R + TEMPOL.
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