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Effect of cold exposure on electrophysiological properties of rat heart 
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Abstract. Male rats exposed to the cold (4 ~ for five or ten days exhibited modifications in their thyroid state, 
as documented by increases in serum thyroid hormone levels, to which differently graded modifications of heart 
weight/body weight ratio, heart rate, and resting metabolic rate were associated. The values of the above mentioned 
thyroid state indicators returned to those of the control when the animals, kept at cold for ten days, were 
re-exposed to room temperature (24 ~ for an additional 10 days. The configuration of action potentials, recorded 
in vitro at 26 ~ from fibres of anterior papillary muscles, was different in control rats of different age and was 
affected by prolonged cold exposure. In fact, the action potential duration (APD) increased after ten days of cold 
exposure. In the re-exposed group the APD was not different from that of the controls. Such a pattern was not 
significantly modified when the stimulation frequency increased from 1 Hz to 5 Hz. The above results suggest that 
in cold exposure, as in experimental hyperthyroidism, thyroid hormone might exert a cardiac chronotropic effect 
by modifying heart electrophysiological properties. Thus thyroid hormone should play a basic role during the 
exposure to cold environment, stimulating the body metabolism and increasing heart rate as a response to the 
requirement for greater tissue perfusion. 
Key words. Action potential; cold exposure; thyroid hormone; heart potentials. 

Previous studies indicate that the thyroid hormone 
effects on heart rate, like those on respiration 1, are 
probably due to several mechanisms. Indeed, heart rate 
regulation by thyroid hormone involves a modulation 
of the myocardium sensitivity to neurotransmitters by 
modifications of the adrenergic 2 and muscarinic cholin- 
ergic receptors 3. On the other hand, researches on rab- 
bit sinoatrial node cells 4 and on ventricular preparations 
of several homeotherm species 4s  have shown that 
changes in thyroid state can affect myocardial electrical 
properties. Hypothyroidism, induced by thyroidectomy, 
produces increased action potential duration (APD), 
while hyperthyroidism, elicited by triiodothyronine (T3) 
or thyroxine (T4) treatment, is associated with de- 
creased APD. Studies on rats, dealing with the time 
course of changes in repolarization time, indicate a late 
effect of thyroidectomy and T3 treatment 7, in agreement 
with the finding that bradycardia, slowly induced by 
thyroidectomy, is removed by a prolonged T3 treat- 
menff. 
Naturally the question arises whether the aforemen- 
tioned modifications of heart electrical activity, pro- 
duced by experimentally modifying the thyroid state, 
would also be found in the case of a physiological 
modification of such a state. In previous studies we 
showed that in neonatal rats 1~ as well as in young and 
adult rats 11, age-related changes in serum T3 levels are 
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associated with alterations of action potential configu- 
ration comparable with those found after thyroidec- 
tomy or T3 administration. 
Changes in serum thyroid hormone levels are also asso- 
ciated with environmental temperature changes 12,13. In 
effect, the products of two major hormonal axes, the 
sympathetic nervous and hypothalamic-pituitary-thy- 
roid systems, are believed to have integral roles in 
mammalian cold tolerance 14. Whereas plasma cate- 
cholamines appear to act during acute stages of cold 
exposure, thyroid hormones may be more influential 
after more prolonged cold exposure 15. Thus, the in- 
creased serum T 3 level has to be regarded as the major 
factor responsible for the sustained phase of cold adap- 
tation, characterized by increased metabolism, elicited 
as a response to the seasonal change in environment 
temperature. The increase in basic metabolic rate, ob- 
served in mammals during cold exposure, places more 
demand on the heart for greater tissue perfusion. The 
responses to such a demand, consisting of increases in 
coronary blood flow, total cardiac output, and work, 
require increased cardiac contractile performance and 
heart rate. Some evidence indicates that in cold exposed 
rats heart rate varies according to serum level of thyroid 
hormones 9. Furthermore, it has been proposed that the 
increased sensitivity of fl and the decreased sensitivity of 
m-receptor-mediated responses, found in the cardiovas- 
cular system of cold-acclimated rats 14,17, may be medi- 
ated by changes in the animals' thyroid state 14. These 
results suggest that the cardiac chronotropism modifica- 
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tions, which the rat undergoes during cold exposure, are 
induced by thyroid hormone through mechanisms 
analogous to those operating in experimental hyperthy- 
roidism. The aim of the present study was to determine 
whether changes in myocardial electrophysiological 
properties are associated with the changes in the thyroid 
state induced by chronic cold exposure. Accordingly, 
the values of peculiar thyroid state indicators and the 
characteristics of ventricular transmembrane potentials 
were examined in rats both exposed to cold and re-ex- 
posed to room temperature. 

Materials and methods 

Animals. Young male rats of a Wistar strain, supplied 
by Nossan (Correzzana, Italy), were used in the experi- 
ments. All animals were kept at a temperature of 24 _+ 1 
~ up to 40 days of age and then randomly divided into 
six groups. The rats of two groups, kept at 4 _+ 1 ~ for 
5 or 10 days respectively, were killed at 45 (CE45) and 
50 (CEs0) days of age. Another group, exposed to 4 ~ 
for 10 days and then to 24 _+ 1 ~ for an additional 10 
days, was killed at 60 days of age (CE60). The other 
three groups, constituted by rats kept at a temperature 
of 24 + 1 ~ C for 5, 10, or 20 days, and designed respec- 
tively as C45, C50, and C6o, were used as controls for 
cold-exposed animals which were killed at the same age. 
All rats were subjected to the same conditions (one per 
cage, constant artificial circadian cycle of 12 h of light 
and 12 h of darkness) and fed on the same diet, a 
commercial rat chow purchased from Nossan, and wa- 
ter on an ad libitum basis. 
Experimental procedure. Soon after 12-hour overnight 
fast the animals were subjected to the measurement of 
resting metabolic rate (RMR) by an open circuit indi- 
rect calorimetry system (Columbus Instruments Inter- 
national Corp., Columbus, Ohio, USA). Electrocardio- 
graphic recordings were performed on the animals, 
anaesthetized with Ethrane (Abbot, Aprilia, Italy) as 
previously reported 9. Arterial blood samples were sub- 
sequently collected to determine serum levels of total 
(TT3) and free (FT3) triiodothyronine by enhanced 
luminescence assay (Amerlite TT3 and FT 3 assays, 
Kodak Clinical Diagnostics). 
Anaesthetized rats were killed by decapitation and the 
hearts rapidly removed and placed in cold oxygenated 
Krebs' solution (135 mM NaC1, 5 mM KC1, 1 mM 
MgC12, 2 mM CaC12, 13 mM NaHCO3, 1 mM 
NaH2PO4, 11 mM glucose, pH 7.4). The heart great 
vessels and valves were trimmed away. The ventricles 
and atria were cut open and rinsed free of blood. After 
the heart weight determination the anterior papillary 
muscles were excised. The muscles were mounted hori- 
zontally into an experimental chamber between two 
bipolar silver electrodes insulated with teflon up to their 
tips. They were perfused continuously, at a rate of 11 

ml/min, with Krebs' solution gassed with 95% 0 2 - -  5% 
CO2. A thermostat circuit kept the solution temperature 
around the preparations at 26 + 1 ~ The preparations 
were stimulated at 0.1 Hz by 2 ms rectangular pulses 
20% above threshold value for an equilibration period 
of approximately 1 h before taking measurements. Dur- 
ing these measurements the muscles were stimulated at 
1 Hz. Papillary muscles from some animals of each 
group were stimulated at 1 and 5 Hz. 
Transmembrane potentials were measured by cellular 
impalement with 3 M KCl-filled glass capillary micro- 
electrodes with resistances ranging between 15 and 40 
MYL A compliant Ag-AgC1 wire served to feed signals 
into a high-input impedance preamplifier with input 
capacity neutralization. An Ag-AgC1 wire placed in the 
bath served as a reference electrode. The action poten- 
tial signals were displayed and monitored on an oscillo- 
scope (Tektronix 502A) throughout the experiment. 
Each action potential signal was recorded on-line in 
digital form at 80 gs intervals on a IBM-compatible 
computer (TechnoComp, Villaricca, Italy) and stored 
on hard disk for subsequent processing. The transmem- 
brane potentials were analyzed by a computer program 
purchased from TechnoComp for the following charac- 
teristics: resting membrane potential, depolarization 
time, action potential amplitude, area above 20% depo- 
larization (A20), and recovery time at several repolariza- 
tion degrees. As impalements in approximately 20 cells 
of each preparation were performed, mean values of the 
above parameters were calculated for each preparation, 
and the sample means were averaged together. Result- 
ing values were used to supply traces of action potential 
characteristic of each group. The values were expressed 
as the m e a n _  standard error in the tables and are 
indicated by vertical bars in the figures. The significance 
of the differences between each treatment group and its 
control was determined by the unpaired Student's t-test. 
For each group, action potential repolarization times 
(RT9o) at 1 and 5 Hz were compared by the paired 
t-test. The values were considered significantly different 
if p < 0.05. 

Results 

Thyroid state assessment. Thyroid state was documen- 
ted by modifications in: i) the heart weight/body weight 
ratio, ii) the heart rate, iii) the resting metabolic rate, iv) 
the plasma levels of FT 3 and TT 3 (table 1). The modifi- 
cations of body parameters, heart rate, RMR, and 
serum levels of thyroid hormone demonstrate that the 
rat thyroid state changes in the period preceding sexual 
maturation (about 60 days of age) according to previ- 
ous report 11. To such changes, those resulting from the 
periods of exposure at different ambient temperatures 
are added. While the body weight was not significantly 
affected by cold exposure, the heart weight increased so 
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Table 1. Indicators of thyroid status in control and cold-exposed rats. 
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Groups Heart weight/ Heart rate Resting metabolic Hormonal levels 
body weight beats/min rate (RMR) 
(HW/BW) ml O2/min/100 g TT 3 (ng/dl) FT 3 (pg/dl) 
(mg/g) 

C45 3.66 • 0.43 455 • 18 1.92 • 0.05 71 • 7 565 • 53 
CE45 3.93 • 0.10 482 • 8 2.41 • 0.10" 94 • 8* 623 • 36 
Cso 2.65 • 0.06 418 • 27 1.66 • 0.12 65 • 9 400 • 34 
CEso 3.61 • 0. I3" 506 • 15" 2.35 • 0.06* 98 • 17" 615 • 30* 
C60 2.68 • 0.09 360 • 14 1.66 • 0.05 60 • 3 397 • 16 
CE60 2.74 • 0.09 392 • 13 1.80 • 0.2 61 • 5 460 • 39 

Given values are the mean • SE of eight different experiments. HW/BW = heart weight/body weight, RMR = resting metabolic rate. 
*significant (p < 0.05) versus control rats of the same age. 

Table 2. Electrical properties of anterior papillary muscle fibres. 

Variable Groups 

C4 5 CE4s Cs0 CEs0 C60 CE60 

Resting potential (mV) 73.9 • 2.0 70.4 • 0.6 68.8 • 0.5 70.8 • 1.7 74.1 • 1.7 71.1 • 1.5 
Action potential (mV) 87.8 • 6.2 86.9 • 1.6 87.9 • 1.3 83.6 • 1.0 89.4 • 2.7 89.8 • 4.0 
DT (ms) 2.2 • 0.4 2.1 • 0.1 2.6 • 0.4 2.0 • 0.2 2.5 • 0.3 2.3 • 0.3 
A2o (mV �9 ms) 870 • 103 925 • 37 1282 • 111 758 • 95* 1202 • 81 1064 • 66 
RTs0 (ms) 13.1• 13.8• 19.9• 1.6• 18.6• 1.7 16.7_+1.0 
RT70 (ms) 20.2• 1.7 21.9 • 30.9• 1.5 18.6• 28.7 • 2.0 25.1 • 1.1 
RTs0 (ms) 27.4• 30.0 • 40.4• 1.2 25.1 • 39.4 • 35.3 • 2.1 
RTg0 (ms) 40.5• 43.2 • 0.8 55.1 • 37.0 • 5.0" 56.7 • 54.5• 

Given values are the mean • SE of eight different experiments. DT = depolarization time; A2o = integrated area above 20% depolariza- 
tion. RTso, RT7o, RTso, RT9o = recovery time at 50, 70, 80, and 90% repolarization respectively. 
*significant (p < 0.05) versus control rats of the same age. 

that  both the CE4s and CEso rats exhibited a hear t /body 
weight ratio increased in comparison to the respective 
controls. The heart  rate, not  significantly different from 
controls after cold exposure for 5 days, showed an 
increase after 10 days. The R M R ,  on the contrary,  was 
already significantly increased after 5 days of  cold expo- 
sure. As expected, cold exposure increased plasma T 3 
levels, though F T  3 levels for CE4s rats were not  signifi- 
cantly different from those of  the controls. After  re- 
exposure to room temperature,  following 10 days of  
cold exposure, the values of  all parameters  used as 
indicators of  thyroid state were not  significantly differ- 
ent from control  values. 
Action potentials in papillary muscle fibers. In the begin- 
ning of  this series of  experiments, measurements were 
made on anterior  and posterior  papil lary muscles from 
45-day-old control  rats (C4s). The analysis of  the results 
concerning the repolarizat ion times of  the action poten- 
tial showed that  their high s tandard errors were due to 
differences between the two papil lary muscles. In fact, 
for every animal, the action potentials recorded from 
anterior papil lary muscle (RTgo = 40.5 + 4.3 ms) were 
shorter than those recorded from posterior muscle 
(RTgo= 50.7 + 1.8 ms). Consequently, in subsequent 
experiments, as well as in those reported in our previous 
works < to, ll, 17, action potentials were exclusively 
recorded from anterior  papil lary muscles. 

The analysis of  the cold exposure effect on ventricular 
electrical activity in young rats was complicated because 
the responses were affected by modifications o f  thyroid 
hormone levels, taking place both with age and cold 
exposure. Therefore, we used a group of  rats of  the 
same age kept  at a temperature of  24 ~ as control  for 
each group of  cold-exposed animals. 
The time course of  the surface electrical activity in 
papil lary muscle fibres shows that, in comparison to the 
respective controls, the action potential  is shorter in 10 
day cold-exposed rats, and no different in animals re- 
exposed to ambient  temperature (fig. 1). 
Evaluating the action potential  characteristics, no sig- 
nificant difference was established in the resting mem- 
brane potential,  action potential  amplitude, and depolar-  
ization time obtained from control  and cold-exposed 
preparations.  The repolarization phase, and therefore the 
durat ion of  the action potential  is, on the contrary,  
affected by cold exposure. In fact, in 10 day cold-exposed 
rats the recovery times at different repolarization degrees 
are shorter than those of  control  rats ( table 2). Ten days 
of  re-exposure at 24 ~ cause an almost complete restora- 
tion of  action potential.  In fact, the recovery time at 90% 
repolarization (RTg0) returns to 96% of  control  (table 2). 
Effect of stimulus frequency on action potential duration. 
We investigated the influence of  st imulation frequency on 
APD,  by recording t ransmembrane potentials at 1 Hz 
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Figure 1. Effect of cold exposure on action potentials recorded from papillary muscle fibres of rat. The action potential durations at 
90% repolarization (APD90) are indicated by the arrows. The recordings were done as described in the text. The working frequency was 
1 Hz. 
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Figure 2. Effect of stimulation frequency on action potentials recorded from papillary muscle fibres. Left: Change in recovery time at 
90% repolarization after change of frequency from 1 to 5 Hz. Right: Recovery time at 90% repolarization at stimulation frequency of 
5 Hz. *significant (p < 0.05) versus control rats of the same age. 

and 5 Hz in preparations from four animals of  each 
group. In all preparations the repolarization phase is 
not essentialy affected by the increased stimulation fre- 
quency. In each group the RT90 changes are not signifi- 
cant, while the differences between RTg0 values in 
cold-exposed and control preparations, which are sig- 
nificant at 1 Hz, remain significant at 5 Hz (fig. 2). 

Discussion 

Cold exposure and thyroid state. The modifications in 
TT3 and FT3 serum levels, found in rats after five and 

ten days of  cold exposure and re-exposure to room 
temperature (table 1), are in agreement with previous 
researches which reported that TT3 and FT3 levels 
rapidly increased in cold-exposed animals, remained 
elevated during exposure and rapidly returned to con- 
trol values in room temperature re-exposed animals 13. 
The cold-induced increase in TT3 and FT3 levels is 
accompanied by the appearance of  a symptomatology 
peculiar to hyperthyroidism: weight loss, cardiac hyper- 
trophy, tachycardia and high resting metabolism (table 
1). The increases in resting metabolic rate and thyroid 
hormone level are strictly associated, while the resting 
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heart rate increases in a more gradualway. This result is in 
agreement with a previous report, showing that heart rate 
change is a late effect of the thyroid state modification 9. 
Thyroid state and ventricular action potentials. The pres- 
ent study shows that the recovery times of the action 
potentials recorded in the anterior papillary muscles of 
controls are, at each age, shorter than those previously 
found TM. The differences between the results could be 
explained by the selection in animal farms of inbred 
strains with peculiar characteristics, Actually, the rats 
used in the present study exhibit values of the parameters 
indicators of thyroid state such as to be considered 
hyperthyroid in comparison with those used in previous 
works 7,1i. However, in these animals age-dependent mod- 
ifications of thyroid state are also correlated with changes 
of electrophysiological parameters of anterior papillary 
muscle fibres. The decrease in T3 levels found between 45 
and 60 days of age is associated with a decrease in heart 
rate and increases in action potential area and duration, 
conventionally measured by A2o and RT90 values. 
These results agree with most previous studies, showing 
that APD is shorter in hyperthyroid than in euthyroid 
ventricular preparations 5 7. Thus, the slow appearance of 
the tachycardia and the increase in repolarization time 
during cold exposure is in agreement with the previous 
findings indicating a late effect of thyroid hormone on the 
heart electrical activity 7,9. 
However, the question arises whether results obtained by 
electrophysiological recordings at a stimulation fre- 
quency (1 Hz) well below those occurring in vivo (6.0-8.4 
Hz) supply a realistic view of the effects of the cold-in- 
duced increase of thyroid hormone levels on electrical 
activity of the heart. The dependence on stimulation 
frequency of APD for the different groups could be such 
as to make the differences between the preparations from 
cold-exposed and control groups not significant. Actu- 
ally, the measurements made at 1 Hz indicate that the cold 
exposure leads to a modification of basic electrophysio- 
logical properties of ventricular muscle fibres. Moreover, 
the recordings performed at 5 Hz show that in cold-ex- 
posed rats the decrease in ventricular action potential 
duration persists at stimulation frequencies closer to 
physiological ones (fig. 2). 
The ionic mechanisms responsible for the electrophysio- 
logical variations induced by changing the ambient tem- 
perature need to be investigated in the voltage-clamp 
setting. The mechanism by which the thyroid hormone 
operates on the regulation of myocardial electrophysio- 
logical properties also remains to be understood, even if it 
is thought that basically it can modulate specific ionic 
pathways by modifying either membrane-bound proteins 
or their lipid surrounding. 
Role of thyroid hormones in chronic cold-exposure. The 
results reported in this paper indicate that the modifica- 
tions of heart electrical activity, found in animals made 
experimentally hyperthyroid, also take place in animals 

which are in a state of functional hyperthyroidism. 
Furthermore, with previous reports, they help to clarify 
the role played by thyroid hormone in the adaptation 
process to a low environmental temperature. 
Chronic exposure to cold elicits a series of adaptive 
responses aimed at decreasing heat loss and increasing 
heat production. During the first period of cold exposure 
heat is produced by muscle shivering, whereas during 
chronic exposure heat is produced mostly by nonshiver- 
ing thermogenic processes, which occur after an array of 
changes in metabolic activity at the level of ,the whole 
organism 18, It has now been recognised that thyroid 
hormones play an important role in chronic cold expo- 
sure. The sequence of events which, from the increased 
discharge frequency in peripheral temperature sensors ag, 
lead :to the increased serum levels of thyroid hor- 
monesl2.13, includes: conduction of impulses to the Central 
nervous system along specific neural pathways 2~ Change 
in electrical activity of hypothalamic neurons 21, increased 
release of thyrotropin-releasing hormone mainly from the 
arcuate nucleus-median eminence area 22, and activation 
of TSH secretion a3 followed by increased thyroid activ- 
ity 24. In species possessing large quantities of brown 
adipose tissue (BAT), normal core temperature during 
cold exposure is maintained by the interaction of the 
thyroid axis and the SNS 14. Although the BAT is the 
principal source of thermoregulatory heat production in 
the rat, a contribution to the higher metabolic rate during 
the exposure to low temperatures is furnished by other 
tissues 25'26. In the liver the thermogenetic processes have 
been attributed to thyroid hormone-induced changes in 
both number of mitochondria per cell 13 and their oxida- 
tive capacity 27. Studies on rats made experimentally 
hyperthyroid suggest that in the heart, in spite of a 
decrease in mitochondria per cell 28, an increased oxidative 
capacity can be obtained by an increase in the mitochon- 
drial content of cytochromes 29. 
The changes of metabolic activity require suitable ad- 
justments of cardiovascular system activity and in par- 
ticular of the heart. As previously suggested 9, cold 
exposure-induced hyperthyroidism yields tachycardia 
by a modification of the adrenoceptor sensitivity and a 
direct action on pacemaker cells. It is possible that in 
cold-induced, as in experimental hyperthyroidism 4 the 
heart rate increases owing to decreased duration of 
action potential of sinoatrial node cells. The heart rate 
increase requires a corresponding change in the dura- 
tion of the action potential in atrial and in ventricular 
fibres in order to allow full electrical and mechanical 
recovery. In most species this result is obtained primar- 
ily by a rate-dependent mechanism explained by incom- 
plete recovery of the plateau currents and an increase in 
the net outward currents 3~ in the rat, in agreement 
with previous results 7, a rate-independent mechanism, 
involving modifications of electrophysiological proper- 
ties of ventricular muscle, is the dominant factor for the 
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modu la t i on  of  the act ion potential .  Thus  thyroid hor-  
mone,  through different biochemical  and  physiological 
mechanisms,  plays a basic role in de termining the inte- 
grated responses to modif icat ions of  a physiological  or 
env i ronmenta l  stimulus, such as ambien t  temperature  

decrease. 
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