
EDITED BY  

Kenichi Hongo,  

Jikei University School of Medicine, 

Japan

REVIEWED BY  

Bruno K. Podesser,  

Medical University of Vienna, Austria  

Tim Pennel,  

University of Cape Town, South Africa

*CORRESPONDENCE  

Anders Arner  

Anders.Arner@med.lu.se

RECEIVED 24 November 2025 
REVISED 26 January 2026 
ACCEPTED 12 February 2026 
PUBLISHED 09 March 2026

CITATION 

Li M, Persson LB, Schwartzkopf M, 

Steen E, Terry A, Wohlfart B, Steen S and 

Arner A (2026) Effects of cooling on pig 

heart excitation and contraction.  

Front. Cardiovasc. Med. 13:1753083. 

doi: 10.3389/fcvm.2026.1753083

COPYRIGHT 

© 2026 Li, Persson, Schwartzkopf, Steen, 

Terry, Wohlfart, Steen and Arner. This is 

an open-access article distributed under 

the terms of the Creative Commons 

Attribution License (CC BY). The use, 

distribution or reproduction in other 

forums is permitted, provided the 

original author(s) and the copyright 

owner(s) are credited and that the 

original publication in this journal is 

cited, in accordance with accepted 

academic practice. No use, distribution 

or reproduction is permitted which does 

not comply with these terms.

Effects of cooling on pig heart 
excitation and contraction

Mei Li
1
, Linus B. Persson

2
, Matthias Schwartzkopf

3
, Erik Steen

4
,  

Ann Terry
5
, Björn Wohlfart

1
, Stig Steen

1 
and Anders Arner

1*

1Department of Clinical Sciences, Lund University, Lund, Sweden, 2Department of Physics, Lund 

University, Lund, Sweden, 3Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany, 
4Department of Automatic Control, Lund University, Lund, Sweden, 5MAX IV Laboratory, Lund 

University, Lund, Sweden

Although variations in temperature have a profound impact on cardiac function, 

little is known regarding the excitation and contractile parameters over a broad 

temperature interval. In view of the clinical implications of lowered temperature 

in resuscitation and in cardiac preservation/evaluation for transplantation, we 

have examined the contractile function using Langendorff perfused hearts and 

isolated trabecular muscle from pig, in combination with electrophysiology 

and x-ray diffraction. Lowered temperature in the range 37°C–22°C was 

associated with an increase in systolic pressure and active force. In 

permeabilized preparations, force and Ca2+ sensitivity decreased with 

temperature, showing that the increased force down to 22°C in the intact 

heart and trabeculae was not due to changes in thin filament regulation, but 

most likely to increased activator [Ca2+]. At lower temperature (<22°C), force 

of the heart decreased, suggesting that the temperature effects in the 

regulatory system became dominating. ECG analysis showed that frequency 

was lowered and that PQ-, QS- and QT- times were prolonged at lower 

temperature. This was associated with a gradual depolarization of the cell 

membrane, prolonged action potential and an attenuation of the fast upstroke 

phase. These changes in rise time and amplitude of the action potential 

would predispose for uneven propagation and arrhythmia as temperature is 

lowered. At the same time, the prolonged action potential can be associated 

with an increased [Ca2+] at lower temperature. Small angle x-ray diffraction 

showed that the filament lattice of intact trabecular muscle tended to swell at 

low temperature (10°C vs. 22°C) and revealed a mass transfer from myosin to 

actin filaments, which would reflect changes in cellular physiology and 

contractile system structure at low temperature.
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1 Introduction

The human heart is normally working at the physiological temperature around 37°C, 
and maintenance of core body temperature is a key homeostatic mechanism. Still, cardiac 
temperature can be altered in some important clinical situations. One example is exposure 
to cold environment that can result in accidental hypothermia, defined as core 
temperatures below 35°C. In the USA, about 1,500 persons die annually from 
accidental hypothermia (1, 2). Temperatures below about 28°C increase the risk for 
cardiac arrhythmias and cardiac arrest which are key causes for death in severe 
hypothermia. The detrimental effects can be partly counteracted by effects of slowed 
cell metabolism at low temperature. Indeed, people have survived after long exposure 
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to severe hypothermia below 15°C–20°C with circulatory arrest (3–5). 
Cold temperature can be beneficial in some clinical scenarios, and 
therapeutic cooling around 30°C has been used clinically e.g., as 
organ protection, in brain surgery and in cardiac surgery (6, 7). Ice 
arrest of the heart has even been reported to be used in open 
cardiac surgery (8). In the field of cardiac transplantation, cold 
cardioplegia (around 4°C–10°C) is a standard procedure for donor 
heart preservation prior to transplantation (9).

Research in our laboratory using pig hearts has shown that the 
heart can be preserved, with maintained coronary and myocardial 
function, for up to 24 h using non-ischemic conditions with high- 
K+ cardioplegia at 8°C (10, 11). This technique has also been 
applied in transplantation of human hearts (12). Our current 
interest is to evaluate the donor heart ex vivo prior to 
transplantation, to ensure optimal cardiac function (13). In view 
of these aspects and the issues with accidental hypothermia 
mentioned above, we noted that very little is known regarding 
the effects of varied temperature on cardiac performance, in 
particular regarding the effects on the hearts from larger 
animals. The aim of this study was therefore to examine the 
effects of varied temperature in a broader interval using beating 
perfused whole hearts in a Langendorff preparation and isolated 
intact and permeabilized trabecular preparations, in combination 
with electrophysiology and x-ray scattering analysis of the 
contractile system. The experiments were performed using 
hearts from pigs, which are similar in function to the human 
hearts and of current interest due to the prospect of using pig 
hearts in xenotransplantation (14–18).

2 Methods

2.1 Animals and heart isolation

Swedish domestic pigs of both genders (males castrated after 
birth) weighing 40–50 kg (age 90–120 days) were used. The 
animals were handled in compliance with the European 
Convention for the Protection of Vertebrate Animals Used for 
Experimental and Other Scientific Purposes (Directive 2010/ 
63.EU). The experiments were approved by the local Animal 
Ethical Committee (5.8.18-15906/2020). The pigs were 
anesthetized with an intramuscular injection of atropine 0.5 mg 
(Unimedic AB, Matfors, Sweden), xylazine 100 mg (Bayer, 
Solna, Sweden), and ketamine 20 mg/kg body weight (Intervet 
AB, Stockholm, Sweden). Thereafter an intravenous injection of 
fentanyl 4 µg/kg (Braun, Melsungen, Germany) and midazolam 
0.4 mg/kg (Hameln Pharma Plus GmbH) was given. Anesthesia 
was maintained with an intravenous infusion of ketamine 
(10 mg/(kg × h)) and rocuronium bromide (1.5 mg/(kg × h), 
Fresenius Kabi Austria GmbH, Graz, Austria) via an ear vein. 
Tracheostomy was performed and the pigs were connected to a 
respirator with volume-controlled and pressure-regulated 
ventilation. Sternotomy was done and the right atrium was 
cannulated for collection of whole blood. The distal ascending 
aorta was clamped and cold cardioplegic solution (Plegisol
solution) was then administered through a needle inserted into 
the aorta proximal to the clamp. When the heart was completely 
relaxed it was removed and kept in cold cardioplegic solution 
for 30 min before use.

2.2 Langendorff preparations

A rubber latex balloon was attached to a 3D-printed plastic 
holder and inserted into the left ventricle. The tip of the balloon 
was tied with silk thread and fixed via a small opening in the 
apex of the heart to prevent the balloon from being forced out 
during beating. The other end of the balloon was fixed with a 
purse string suture in the mitral annulus. The pressure in the 
balloon itself was close to 0 mmHg when filled to 40 ml. 
Figure 1A, shows the heart with a balloon inserted in the left 
ventricle. The setup is schematically illustrated in Figure 1B. The 
balloon was filled with physiological saline, and attached to a 
pressure transducer (T in Figure 1B). A temperature probe was 
inserted in the right ventricle and ECG was monitored via 
surface electrodes. The perfusion solution (total volume about 
2 L) was made of a mixture of whole blood and dextran-40 
(100 g/L) in physiological saline (0.5 L per 2 L perfusion 
solution) giving a hematocrit around 25% (13, 19). The aortic 
pressure was controlled and maintained above 40 mmHg, to 
enable closure of the aortic valves, via a resistance (R, 
Figure 1B) in the aortic inlet and by the speed of the pump (P, 
Figure 1B). On average the aortic pressure was 70 ± 6 mmHg 
(N = 5). This gave a coronary flow of about 0.5–1 L/min. 
Throughout the experiment, blood gases, glucose and 
electrolytes were measured at regular intervals and adjusted 
when required. All hearts received a slow infusion (0.5 ml/h) 
of a cocktail containing per 50 ml: adrenaline (1 mg), 
noradrenaline (1 mg), hydrocortisone (100 mg), cocaine (1 mg) 
and triiodothyronine (0.3 mg), cf (10, 20). When the heart was 
mounted in the system, heated to 37°C, and exhibiting regular 
beating, the balloon was filled with saline to a volume (30– 
40 ml) giving maximal developed pressure during the heart 
beats. In some cases, the heart developed ventricular fibrillation 
initially, which was corrected by defibrillation. Ethanol (0.3%) 
was added to prevent ventricular fibrillation during cooling (21).

When stable contractions were obtained at 37°C, the 
temperature was changed using the heater-cooler (HC, Figure 1) 
in steps: 37–30, 22, 15 and 10°C as measured in the right 
ventricle and followed by return to 37°C. Recordings of balloon 
pressure and ECG were made about 15 min at each temperature 
after systolic pressure had stabilized. The amplitude, the rise and 
fall rates of the pressure transients were evaluated together with 
some ECG parameters (heart rate, PQ-, QS- and QT-time).

2.3 Isometric force recordings from 
isolated trabeculae

Hearts were isolated as described above and thin, non- 
branching, trabecular muscle strips (diameter 1–2 mm, length 
about 5 mm) were carefully isolated from the right ventricular 
inner wall. Using silk thread (6/0) the preparations were 
mounted between a fixed pin and a Grass FT03 force transducer 
in temperature controlled open glass baths containing Krebs’ 
solution (in mM): NaCl 123, NaHCO3 20, KH2PO4 1.2, KCl 4.7, 
MgCl2 1.2, CaCl2 1.5, glucose 5.5. The solution was gassed with 
95% O2% and 5% CO2 giving a of pH 7.4 at 37°C. The samples 
were stimulated via platinum wires placed alongside the 
muscles, using 0.5 ms pulses, 0.2 Hz at supramaximal voltage 
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from a Grass S48 stimulator (Grass, Quincy. Mass. USA) and a 
current amplifier. The force responses were recorded using an 
A/D converter and the Chart 4 program (ADInstruments, 
Oxford, UK). After 30 min accommodation the muscle length 
was adjusted to optimal for active force (approximately 
1.3 × slack length). This degree of stretch gives about 2.3 µm 
sarcomere length (22). Temperature of the solution was changed 
in steps: 37°C, 30°C, 22°C, 15°C and 10°C. The muscles were 
exposed to each temperature for 5 min (enabling the force to 
stabilize) and we evaluated the twitch responses (amplitude, 
rates of contraction and relaxation) as well as the passive tone.

Since CO2 solubility is affected by temperature, cooling of the 
Krebs’ solution results in a small drop in pH (by 0.22 pH units 
from 37°C to 10°C). To examine if the responses to temperature 
was due to pH changes, we also performed temperature 
experiments in MOPS buffered solution (3-(N-Morpholino) 
propanesulfonic acid, MOPS 20, NaCl 118, KCl 5, Na2HPO4 1.2, 
MgC2 1.2, CaCl2 1.6, glucose 10 mM, pH 7.4), which has a 
stable pH over a range of temperature gassed with air. This 
solution did not alter force responses at 37°C compared to those 
in Krebs’ solution, and gave a similar temperature dependence. 
To explore if changes in resting force were dependent on active 
contraction, we also examined temperature effects on tone in 
preparations in the presence of the muscle relaxant 
2,3-butanedione monoxime, BDM (50 mM).

2.4 Membrane potentials

Trabecular preparations were mounted in a temperature- 
controlled Perspex bath between a fixed pin and a Kistler-Morse 
force transducer. The samples were held in Krebs’ solution and 
stimulated via a stimulus isolation unit either with a bipolar 
electrode at one end of the muscle or with field stimulation 

using platinum electrodes on each side of the preparation. 
Stimulation frequency was 0.2 Hz, duration 0.2 ms and 
supramaximal voltage was applied. The muscles were stretched 
to optimal length. Membrane potentials were recorded at 
different temperatures (37°C, 30°C, 22°C, 15°C and 10°C) using 
KCl filled (3M) glass micro electrodes (resistance about 10– 
20 M ) as described previously (22). Membrane potential 
(resting potential, action potential shape and duration) as well 
as twitch responses (amplitude, rates of contraction and 
relaxation) were recorded.

2.5 Force and Ca2+-sensitivity in 
permeabilized preparations

Muscle bundles from the left ventricle were permeabilized and 
stored as described previously (23, 24). Thin strips (diameter 
about 200 µm, length 1–2 mm) were teased out, and mounted 
using cellulose glue between a micrometer screw for length 
adjustment and an AE801 force transducer (Kronex, Oakland, 
USA) in 0.5 ml temperature-controlled Perspex baths. The 
samples were stretched to about 1.3 × slack length 
[corresponding to 2.3 µm sarcomere length (22)]. After 30 min 
in relaxing {pCa=-log10[(Ca2+)] 9} solution with 1% Triton 
X-100 (for additional permeabilization) and 5 min in relaxing 
solution at 22°C, each preparation was activated at pCa 4.7 at 
22°C to determine a control force response. The muscle was 
then relaxed (pCa 9) and examined at one of different 
temperatures (37°C, 30°C, 22°C, 15°C and 10°C). The active 
tension was determined at increasing Ca2+ levels (pCa 9.0, 6.6, 
6.0, 5.7, 5.4 and 4.7). The force at each Ca2+ level was 
normalized to the initial control response at 22°C. The force 
and [Ca2+] data of each sample was analyzed by fitting a 
hyperbolic function to determine the EC50 (i.e., the 

FIGURE 1 

The Langendorff set-up for perfusing the heart. (A) Photograph of a heart with balloon inserted in the left ventricle via the left atrium (arrow 1). Arrow 2 

indicates the attachment between aorta and perfusion apparatus. Arrow 3 is the strangulator for tightening the purse string suture fixing the balloon to 

the mitral valve opening. A temperature probe was inserted in the right ventricle. (B) Shows schematically the system, where the heart (H) was 

submerged in the blood containing solution. The balloon was attached to a pressure transducer (T). A Stöckert roller pump (P) pumped the blood 

from the bath through an oxygenator (Oxy) into the aorta. The temperature was controlled via a heater/cooler (HC) and continuously monitored 

in the heart. A resistance (R) determined the perfusion pressure. The excess perfusion, not entering the coronary system was directed back to the 

bath. ECG electrodes were placed in the fluid close to the heart.
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concentration giving half-maximal tension), the maximal response 
(in relation to control response) and the residual tension at pCa 9 
after the final contraction. The solutions contained 20 mM MOPS 
buffer, 0.5 mM Mg2+ (adjusted with MgAcetate), 5 mM MgATP, 
ionic strength 200 mM (adjusted with K-proprionate), 6 mM 
ethylene glycol-bis ( -aminoethyl ether)-N,N,N ,N -tetraacetic 
acid, EGTA (in pCa 9 solution and CaEGTA in pCa 4.7 
solution), 10 mM phosphocreatine, PCr, 2 mM dithioerythritol, 
DTE and 320 U/mL creatine kinase. The composition of the 
solutions was calculated as described (25) with binding 
constants corrected for temperature and ionic strength (26). The 
apparent Ca2+ binding constants for EGTA at the different 
temperatures were [37°C: 6.467; 30°C: 6.442; 22°C: 6.414; 15°C: 
6.389; 10°C: 6.365 log (M−1)]. In one series of experiments, we 
also examined the responses at 37°C using solutions with higher 
MgATP (10 mM) and phosphocreatine (20 mM). Rigor solutions 
contain zero MgATP, phosphocreatine and creatine kinase.

2.6 Small angle x-ray diffraction

Small angle x-ray scattering (SAXS) was used to examine the 
effects of temperature on myofilament organization. The 
experiments were performed at the CoSAXS beamline, MAX IV 
synchrotron light facility, Lund, Sweden and at the P03 beamline, 
Petra III, DESY, Hamburg (27), as described previously (24, 28). 
Intact and permeabilized trabecular preparations were isolated as 
described above and mounted horizontally using silk thread in a 
temperature-controlled cuvette equipped with Kapton windows. 
Intact preparations were held in the MOPS buffered physiological 
solution and skinned fibers in solutions described above (section 
2.3 and 2.5). The solution for intact muscle was gassed with air 
and exchanged every 5–10 min. The x-ray beams (wavelength 1 Å 
CoSAXS and 0.95 Å at P03), had sizes at the sample of about 
50 × 60 µm (CoSAXS) and 16 × 22 m (P03). The sample detector 
distance was set to 3.5 m (CoSAXS) and 5.1 m (P03) which gave a 
good resolution of the equatorial pattern using exposures of 0.5– 
1 s. Rat tail collagen was used for calibration. The samples were 
moved between exposures to prevent beam damage. Scattering 
patterns were recorded at CoSAXS using an EIGER 2 X 4M 
detector (Dectris AG, Baden-Daetwil, Switzerland) and at P03 with 
a PILATUS 300K detector (DECTRIS Ltd.). A polynomial function 
was fitted to the equatorial intensity signal for background 
subtraction and the center of mass for the reflections was 
determined. The preparations were stretched to optimal length 
(1.3 × slack length) and exposed to different temperatures. We 
evaluated the spacing of the 1.1 and 1.0 reflections, and using 
integration of the peak intensities, the 1.1/1.0 intensity ratio (24).

2.7 Statistics

Results are expressed as mean ± standard error of the mean 
(SEM). Statistical comparisons and curve fitting (least-squares) 
were performed using routines implemented in SigmaPlot14 
(Alfasoft AB, Gothenburg, Sweden) or GraphPad Prism 
(GraphPad Software, Boston, USA). Student’s t-test was used 
when comparing two groups and analysis of variance (ANOVA) 
when several groups were compared. For values not normally 

distributed, a non-parametric test (Mann–Whitney rank sum 
test) was used. N is the number of preparations or hearts.

3 Results

3.1 Recordings from langendorff perfused 
hearts

After mounting at 37°C, a regular stable beating was 
established in vitro as the cardioplegia solution was washed out 
and replaced by the blood-containing oxygenated physiological 
solution. The balloon volume was gradually increased to a 
volume (∼40 ml) where the developed pressure was maximal. 
Preliminary experiments showed that when temperature was 
lowered to 22°C and below, ventricular fibrillation occurred in a 
few heart preparations. This was prevented by adding a low 
amount of ethanol to the perfusion solution. We did not 
observe any major changes (<5%) in ECG parameters (PQ, QS, 
QT times) or pressure responses when ethanol was administered 
at 37°C. Since ethanol has been shown to prevent cold induced 
arrhythmia (21), we routinely added 0.3% ethanol to the 
solution and no events with ventricular fibrillation were 
observed in the five experiments included.

Figure 2 shows the recorded changes in contractile parameters 
and ECG from the isolated beating heart when temperature was 
lowered. Figure 3 shows the summarized data. Most prominently, 
the heart rate was significantly reduced with cooling and was at 
10°C less than 1/10 of that at 37°C (Figure 3A). The developed 
pressure increased gradually by about 20% from 37°C to 22°C, and 
then dropped at lower temperatures (Figure 3B). The low diastolic 
pressure recorded in the balloon was increased by a small, non- 
significant, amount at lower temperature. The half-time of 
contraction and relaxation were increased with cooling. At 10°C, 
the half-times were about 10 times longer compared to those at 
37°C (Figure 3C). At lower temperatures, the ECG measurements 
showed that the time intervals (PQ, QS and QT times) were 
gradually increased (Figure 3D). At 15°C and below, sinus 
arrhythmias and AV block usually occurred (cf. Figures 2G,H). 
A complete AV block was observed in 1 preparation at 15°C and 
in 4 of 5 at 10°C. When temperature was increased again to 37°C, 
the developed pressure and rates of contraction and relaxation 
recovered to more than 80% of their initial values.

3.2 In vitro recordings of isolated trabecular 
preparations

Our next step was to investigate the electrophysiological and 
contractile properties in isolated trabecular muscles at different 
temperatures. Figures 4A–D shows electrophysiological 
recordings of membrane potential in paced trabecular 
preparations at different temperatures. Cooling depolarizes the 
resting membrane potential and prolongs the action potential 
duration. At the lower temperatures, the responses were 
dominated by the sustained plateau phase. In these experiments 
(Figures 4A–C) using point stimulation with bipolar electrodes, 
the initial stimulation artifacts were minimal, and we observed 
that the initial fast upstroke phase was attenuated at lower 
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temperature. However, the point stimulation failed to elicit 
propagated action potentials at temperature below 15°C. We 
assume that this is due to poor propagation of the action 
potential within the trabeculae. Consistent with this assumption, 
a delay between stimulation and action potential upon cooling 
was observed applying point stimulation (Figures 4A–C). The 
effects of temperature on propagation are possibly associated 
with an attenuation of the initial upstroke phase. We therefore 
used field stimulation of the whole preparation which enables 
the recording of action potential duration down to 10°C. Using 
this approach (Figure 4D), the initial phase of the action 
potential was not distinguishable from the stimulation artifact, 
but action potential duration could be adequately recorded over 
the whole temperature range. The resting membrane potential 
became less polarized (Figure 4E), and the action potential 
duration (APD) longer (Figure 4F) at lower temperature.

Figure 5A shows an original isometric force recording from a 
paced trabecular preparation. Under these in vitro conditions, the 
developed (twitch) force was maximal at 22°C, similar to the 
developed pressure measured in the whole hearts (cf. Figure 3B). 
Figure 5B shows the recordings with higher time resolution. 
Figures 5C–E summarize the effects of temperature on the 

resting force, maximal twitch force and the duration of the 
twitches, showing a prolonged twitch duration at lower 
temperature and a maximal force at 22°C. The rate of force 
development (cf. Figure 5B) decreased with lowered 
temperature. The experiments were performed in carbogen 
gassed Krebs-Ringer solution where temperature has small 
effects on pH. We therefore repeated the experiments in MOPS 
buffered solution (which is not temperature sensitive) and found 
similar temperature dependence of active force (Figure 5D).

We also observed that the tone in the relaxed state was 
decreased with lower temperature (Figures 5A,C). The resting 
force at 37°C was not reduced by 50 mM BDM (Figure 5C), 
showing that there is no active tone involved in the relaxed 
state. This suggests that the resting force is affected by 
temperature not acting via mechanisms involved in active force.

3.3 Force and calcium sensitivity of 
permeabilized preparations

Using permeabilized preparations, the force generation and 
calcium sensitivity of the contractile system was determined at 

FIGURE 2 

Original recordings of balloon pressure (left A–D) and ECG (right E–H) at different temperatures (A, E: 37°C; B, F: 22°C; C, G: 15°C; D, H: 10°C). 

Horizontal lines indicate 2 s.
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different temperatures (Figure 6). For all preparations, an initial 
contraction at pCa 4.7 was recorded at 22°C and used for 
normalization. At lower temperature, maximal activated force at 
saturating calcium concentration decreased, and the calcium 
sensitivity was reduced (shown by the rightward shift of the curves). 
Figures 6B,C summarize the data, showing a decreased force and 
Ca2+-sensitivity at lower temperature. The experiments were 
performed at 5 mM MgATP with 15 mM phosphocreatine and in 
the presence of creatine kinase. We also performed experiments at 
37°C with 10 mM MgATP and 20 mM phosphocreatine showing 
similar results (i.e., higher tension at 37 compared to 22°C).

3.4 Small angle x-ray diffraction

To examine the effects of temperature on the organization of 
the contractile filament structure and the positioning of the 
myosin heads, we performed small angle x-ray diffraction 
measurements. The 1.0 and 1.1 equatorial reflections were clearly 
observed in the pig heart samples c.f (24). and was resolved at all 

temperatures. In the intact fibers, a swelling of about 6% of the 
lattice spacing was observed when temperature was decreased 
below 22°C (Figure 7A). As seen in Figure 7B, lower 
temperatures also gave an increase in the 1.1/1.0 intensity ratio, 
suggesting movement of myosin heads towards actin. In contrast 
to data from intact muscle, we could not observe a significant 
swelling of the lattice in relaxed permeabilized fibers between 22° 
C and 10°C (open bars in Figure 7C). A small shrinkage was 
observed at both temperatures in rigor (black bars in Figure 7C). 
At 22°C, contraction in pCa 4.7 (hatched bars in Figure 7D) was 
associated with an increase in the 1.1/1.0 intensity ratio, 
approaching that in rigor. In contrast, the ratio did not increase 
significantly following exposure to pCa 4.7 at 10°C.

4 Discussion

Variation in temperature is a key physical process influencing 
cardiac function. Apart from the effects induced by extreme 
external conditions, cooling and rewarming of the heart are 

FIGURE 3 

Contractile and ECG parameters of the perfused heart at different temperatures. (A) Shows heart rate, (B) shows developed (systolic) and diastolic 

pressure. (C) Shows half-times of contraction and relaxation, and duration of the twitch at half amplitude of the heart beats. The ECG parameters, 

PQ-, QS- and QT-time are summarized in (D) N = 5, except for PQ time n = 4 at 15°C and n = 1 at 10°C.
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important clinical events, e.g., during cardiac surgery. Still, the 
effects on the different steps in cardiac excitation and 
contraction are poorly understood. In particular, data are 
needed in relation to evaluation of cardiac beating ex vivo, prior 
to transplantation (13, 19). For hearts of larger animals, 
including the clinically important pig, little is known. We report 
here on the effects in a broader temperature interval on several 
cardiac parameters, and demonstrate a biphasic effect on systolic 
pressure, with an increase during moderate cooling and a 
decrease in the lower temperature interval.

An obvious effect of lowering temperature is the significant 
decrease in heart rate, which is a well-known phenomenon 
influencing the isolated heart e.g., (29), possibly via direct effects 
on pacemaker channel (HCN) (30). Similarly to previous 
findings (31), we show that cooling is associated with changes in 
ECG parameters with a slowing of the atrio-ventricular 
conduction time (PQ), and prolonged action potential duration 
(QT). At temperatures below 15°C total AV block occurred in 
several hearts. At the cellular level, the action potentials are 
significantly prolonged and below 30°C the fast upstroke phase 
is attenuated. The latter effect clearly suggests an inhibition of 

the fast Na+ current, possibly via direct temperature effects on 
the channel, or indirect influence associated with a gradual 
cellular depolarization. The changes in the upstroke rate will 
affect the propagation velocity of the excitation as seen in the 
ECG parameters, and possibly also lead to spatial 
inhomogeneities underlying the risks for severe ventricular 
arrhythmias. The effects on the action potential plateau clearly 
reflect slower activation and deactivation of the L-type calcium 
channels. The risk for ventricular fibrillation in the cold is 
evident, and ethanol seems to prevent this (21), which was the 
reason for including this in the study where we focused on 
contractility. We did not observe any major effects of ethanol at 
37°C, but membrane stabilization of the compound is most 
likely present in the cold, although further studies are needed. 
The major effects of cooling on conduction are most likely 
directly associated with the temperature effect, which is 
consistent with clinical observations showing AV block in the 
cold (32, 33).

Interestingly, the developed pressure of whole hearts, and 
force in isolated trabeculae, are increased when temperature is 
lowered from the physiological 37°C–22°C. This is not primarily 

FIGURE 4 

Electrophysiological recordings of membrane potential in isolated cardiac trabeculae at different temperatures. (A–C) Shows recordings using point 

stimulation and (D) recordings using field stimulation. (E,F) Show summarized data (field stimulation) of resting membrane potential and action 

potential duration (APD), respectively, n = 6.
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FIGURE 5 

Mechanical recordings of force in isolated intact cardiac trabeculae at different temperatures. (A,B) Show original traces of a trabecular preparation 

stimulated at different temperatures. Note the increased twitch force at 22°C compared to that at 37°C and the gradually decreased resting tension 

with lower temperature. (C–E) Summarize the values of resting tension, maximal twitch force and twitch duration. N = 4–11. Twitch force was also 

evaluated in MOPS-buffered solution (D) addition of 50 mM BDM (red symbol, C) did not change resting force at 37°C.

FIGURE 6 

Ca2+ sensitivity of force in permeabilized preparations at different temperatures. [Ca2+] is given in pCa units and force is normalized to the initial force 

of contraction at 22°C (A) A hyperbolic equation is fitted to each curve. Symbols to the right show the force at pCa 9 after exposure to the [Ca2+] steps, 

n = 6 in each group. (B) shows the average maximal force and (C) shows the EC50 values (i.e., [Ca2+] giving half of the maximal force).
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associated with the decrease in heart rate, since the 
phenomenon is observed also in the isolated paced trabecular 
muscle. The lowered Ca2+ sensitivity at lower temperature in 
permeabilized trabeculae speak against an increased 
myofibrillar Ca2+ sensitively in the range 37°C–22°C as an 
explanation for the active pressure and force increase. Rather, 
increased intracellular Ca2+ levels and the longer twitch 
duration seem to override the lower sensitivity in this 
temperature range. Increased [Ca2+] has been reported at 
lower temperature (34), and associated with a slower Ca2+ 

removal process (35). At temperatures below room 
temperature, developed pressure and active force of whole 
heart and isolated trabeculae drop significantly, which most 
likely is due to the very low sensitivity to activator Ca2+ as 
shown in the permeabilized fibers from the pig heart. This is 
similar to effects found in the rabbit heart (36). It is currently 
unclear if this is due to direct effects on the troponin- 
tropomyosin system, the cross-bridge reactions controlled by 
the thin filament system or possibly due to altered troponin 

phosphorylation (37). The latter possibility seems less likely 
since the permeabilized preparations, lose most kinases and 
phosphatase activities.

The low force responses at low temperature (<22°C) seem to 
be due to an activation problem in the thin filament regulatory 
system. Consistent with this notion, our x-ray scattering 
experiments on permeabilized preparations, showed unaltered 
1.1/1.0 intensity ratio at 10°C upon Ca2+ activation, 
suggesting that cross-bridges are not approaching the thin 
filaments, although they are able to attach in rigor. In 
contrast, in the relaxed intact muscle lowering temperature is 
associated with a gradual mass transfer of myosin heads 
(increased 1.1/1.0 intensity ratio) and a swelling of the 
filament lattice (increased d1.0 spacing). These changes in 
myosin head position in intact relaxed cardiac muscle are not 
associated with force generation. Other mechanical 
consequences related with cooling remain to be investigated. 
The increased filament distances and swelling of the 
sarcomere unit in the cold, suggest that cold temperature 
affect the filament structure most likely due to changes in the 
intracellular environment.

Although clinical cooling in the range 37°C–30°C has been 
used, our data show that the pig heart can beat down to 22, 
15 and even 10°C. It can be noted that the optimal 
temperature for cardiac contraction can vary between species, 
and is lower in small rodents (38). For the pig and human 
hearts, the risks for cardiac arrhythmias in the cold are 
commented on above and cardiac output would most likely 
be very low under these conditions due to low frequency and 
decreased systolic pressure. Whether this is compensated by a 
lower vascular resistance and lower metabolism and/or 
affected by altered O2 release from hemoglobin, is unclear. 
According to a case report, a patient with accidental severe 
hypothermia with body temperature of 13.7°C, asystole and 
isoelectric EEG, was resuscitated to good physical and mental 
health. This suggests that body organs including the heart, 
can survive down to severe hypothermia (3).

In summary, these experiments on the pig heart identify 
different phases in the responses to cooling. Initially, in the 
range 37°C–22°C active pressure and force production are 
significantly increased, most likely due to increased intracellular 
[Ca2+]. At the same time, the initial upstroke phase of the 
action potential is attenuated, the heart rate decreased and 
conduction slowed, which can be associated with the significant 
risks for arrhythmias associated with changes in body 
temperature (39). Below room temperature, pressure and force 
production are significantly inhibited, which most likely is due 
to failure in the activation system. It should also be noted that 
cardiac cellular physiology is altered with a significant swelling 
of filament lattice (and cellular) volume, by about 14%, from 
22°C to 10°C.
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FIGURE 7 

Contractile filament structure determined with small angle x-ray 

scattering. (A,B) Show the temperature dependence of the d1.0 

spacing and the intensity ratio between 1.1 and 1.0 reflections in 

intact preparations, respectively, n = 3–12. (C,D) Show the d1.0 

spacing and the 1.1/1.0 intensity ratio in permeabilized 

preparations, n = 5–13. Open bars show data in relaxed fibers 

(pCa 9), cross-hatched bars activated fibers (pCa 4.7) and full bars 

from fibers in rigor.
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