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 Background: Sleep deprivation contributes to the development and recurrence of ventricular arrhythmias. However, the elec-
trophysiological changes in ventricular myocytes in sleep deprivation are still unknown.

 Material/Methods: Sleep deprivation was induced by modified multiple platform technique. Fifty rats were assigned to control 
and sleep deprivation 1, 3, 5, and 7 days groups, and single ventricular myocytes were enzymatically dissoci-
ated from rat hearts. Action potential duration (APD) and transient outward current (Ito) were recorded using 
whole-cell patch clamp technique.

 Results: Compared with the control group, the phases of APD of ventricular myocytes in 3, 5, and 7 days groups were 
prolonged and APD at 20% and 50% level of repolarization (APD20 and APD50) was significantly elongated (The 
APD20 values of control, 1, 3, 5, and 7 days groups: 5.66±0.16 ms, 5.77±0.20 ms, 8.28±0.30 ms, 11.56±0.32 ms, 
13.24±0.56 ms. The APD50 values: 50.66±2.16 ms, 52.77±3.20 ms, 65.28±5.30 ms, 83.56±7.32 ms, 89.24±5.56 
ms. P<0.01, n=18). The current densities of Ito significantly decreased. The current density-voltage (I–V) curve 
of Ito was vitally suppressed downward. The steady-state inactivation curve and steady-state activation curve 
of Ito were shifted to left and right, respectively, in sleep deprivation rats. The inactivation recovery time of Ito 
was markedly retarded and the time of closed-state inactivation was markedly accelerated in 3, 5, and 7 days 
groups.

 Conclusions: APD of ventricular myocytes in sleep deprivation rats was significantly prolonged, which could be attributed to 
decreased activation and accelerated inactivation of Ito.
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Background

Sleep disorder is a growing problem in modern society that af-
fects life quality and is becoming a major health problem [1]. 
Both acute and chronic sleep restriction have adverse effects 
on cardiovascular system, immune responses, hormonal path-
ways, and thermoregulation. Human studies show that sleep 
deprivation can increase activation of the autonomic nervous 
system (ANS), the hypothalamic-pituitary-adrenal axis, and the 
immune system [2–6]. Sgoifo et al. reported that the heart rate 
and hypothalamic-pituitary-adrenocortical (HPA) axis activity 
significantly increased after 48-h sleep deprivation [1]. Some 
studies reported that electrocardiographic changes result from 
parasympathetic and sympathetic tones imbalance caused by 
sleep deprivation. Both in healthy young adults and in rat mod-
els, it had been documented that acute sleep deprivation was 
associated with the increase of QT interval and QT dispersion, 
which suggests that sleep deprivation may increase the risk of 
ventricular arrhythmia [7,8]. It had been known that the pro-
longation of the action potential duration (APD) can result in 
the increase of the QT interval and QT dispersion. Change of 
transient outward current (Ito) is an important ionic mecha-
nism that contributes to this process in several pathophysio-
logic conditions [9,10]. However, little is known about the ef-
fects of sleep deprivation on the ion channels, such as Ito of 
ventricular myocytes. The present study was designed to in-
vestigate the effects of sleep deprivation on the APD and Ito 
of rat ventricular myocytes.

Material and Methods

Animals

Fifty Sprague-Dawley adult male rats (200–250 g) were housed 
in cages with a 12-h: 12-h light-dark cycle, and the room tem-
perature was controlled at 22–24°C. Before sleep deprivation, 
rats were allowed to stay in the same cage for 2 weeks to es-
tablish a social hierarchy within the group. All procedures of 
this study complied with the Guide for the Care and Use of 
Laboratory Animals. The rats were provided by Beijing Vital 
River Laboratory Animal Technology Co. Ltd. and the certifi-
cate no. was SCXK (Jing) 2012-0009.

Experimental procedure

The same tank used for the sleep deprivation group was used 
for the platform control group, but a platform (30.0×18.0 cm) 
was placed in cage, and rats had certain activities and could 
sleep on the platform. For the SD groups, rats were divid-
ed into groups based on the duration of SD: 1, 3, 5, and 7 
days (10 rats for each duration). Methods for sleep depriva-
tion were that rats were group-housed (5 rats in each arena) 

in modified multiple platform arenas during SD. The experi-
mental group was submitted to SD using the modified mul-
tiple platform method. Briefly, rats were placed in an acrylic 
water tank (70×50×40 cm) containing 5 circular platforms, 6.3 
cm in diameter, with water filled to 1 cm beneath the surface 
of platforms. The rats could move around inside the tank by 
jumping from 1 platform to another. This method relies on the 
muscle atonia that accompanies paradoxical sleep. When the 
rats on the platforms reach this sleep stage, they lose muscle 
tone; therefore, they either touch or fall into the surrounding 
water, so they are awakened. The modified multiple platform 
method completely abolishes paradoxical sleep and also de-
creases slow wave sleep by approximately 35% [11]. Food and 
water were provided by placing food pellets and water bottles 
on a grid located on top of the tank. The water in the tank was 
changed daily throughout the SD period.

Solutions [12]

Tyrode’s solution contained (mM/L): NaCl 126, KCl 5.4, MgCl2 1, 
CaCl2 1.8, NaH2PO4 0.33, glucose 10 and 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) 10, pH adjusted to 7.4 
with NaOH. The Ca2+-free Tyrode’s solution was prepared by 
removing CaCl2 from the Tyrode’s solution.

The enzyme solution used for the rat cardiomyocyte isola-
tion contained 0.1g/L collagenase (type II) and 0.5g/L BSA in 
Tyrode’s solution.

For recording Ito currents, the pipettes were filled with (mM/L): 
K-aspartame acid 140, MgATP 4, MgCl2 1, Ethylene glycol tet-
raacetic acid (EGTA) 10, Guanosine triphosphate (GTP) 0.1, 
HEPES 10, pH adjusted to 7.3 with KOH.

For recording Ito currents, myocytes were superfused with solu-
tion containing (mM/L): NaCl 140, KCl 4, CaCl2 1, MgCl2 1, HEPES 
10, glucose 5, pH adjusted to 7.4 with NaOH. Tetrodotoxin in-
hibits Na+ current; CdCl2 inhibits Ca2+ current.

Cell preparations

After SD, rats were given intraperitoneal injection of pentobar-
bital sodium (100 mg/kg) and a single ventricular myocyte was 
dissociated from excised perfused hearts by an enzymatic dis-
sociation as previously described [12]. Briefly, hearts were ex-
cised rapidly and retrogradely perfused on a Langendorff ap-
paratus with a Ca2+-free Tyrode’s solution for 5 min before the 
perfusate was switched to an enzymatic solution for 15 min. 
The perfusates were bubbled with 95% O2 +5% CO2 and main-
tained at 37°C. The ventricles were cut into small chunks and 
gently agitated in Ca2+-free Tyrode’s solution. The cells were 
filtered through nylon mesh (pore size 200 μm) and stored in 
Ca2+-free Tyrode’s solution at 4°C.
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Electrophysiological measurements

Patch clamp experiments were performed on isolated ventric-
ular cardiomyocytes. Quiescent, calcium-tolerant, rod-shaped 
cells with clear cross striation were used for action potential 
recordings at 35°C. Transmembrane potentials and currents 
were recorded using the whole cell patch-clamp technique with 
a MultiClamp 700B amplifier (Axon Instruments). All signals 
were acquired at 5 kHz (Digidata 1322A, Axon Instruments) and 
analyzed by pCLAMP version 9.2 software (Axon Instruments). 
Whole-cell currents and Action potentials (APs), obtained un-
der voltage clamp, were filtered at 1–5 kHz and sampled at 
5–50 kHz, and the series resistance was typically <5 mega ohms 
after about 70% compensation. The P/4 protocol was used to 
subtract online the leak and capacitive transients.

APs were elicited using the current-clamp mode at a rate of 
5.0 Hz of 30 train suprathreshold current pulses. Cardiomyocytes 
were electrically stimulated by intracellular current injection 
through patch electrodes using depolarizing pulses with a du-
ration of 5 ms and an amplitude of 1500 pA. Action potential 
duration (APD) was measured at 20% and 50% of repolariza-
tion (APD20 and APD50). Ito was recorded using the voltage-clamp 
mode. We used pre-pulse to –40 mV for 30 ms to inactivate 
INa. Ito was recorded in voltage-clamp mode with 300-ms puls-
es from a holding potential of –80 mV, with different test po-
tentials increased from –40 mV to +70 mV with 10-mV steps. 
Steady-state activation of Ito was induced by voltage steps 
between –60 mV and +40 mV for 500 ms from a holding po-
tential of –80 mV.

Steady-state inactivation of Ito was induced by a condition pulse 
of +40 mV for 20 ms, following voltage steps between –120 mV 

to +30 mV, with 10 mV for 1000 ms. Voltage-dependence of 
the time course of recovery from inactivation was evaluated 
with a paired-pulse protocol: conditioning pulse was applied 
to +40 mV for 300 ms from holding potential of –80 mV, fol-
lowing test potentials of +40 mV for 300 ms during different 
time intervals of 20 ms,40 ms,80 ms, 160 ms, 320 ms, 640 ms, 
and 920 ms. The time course of recovery from fast inactiva-
tion was fitted by single-exponential function. The time con-
stant of closed-state inactivation of Ito was induced by follow-
ing depolarization pulse of +50mV for 300 ms return to –100 
mV, depolarizing to –70 mV during different time pluses of 10 
ms, 20 ms, 50 ms, 100 ms, 200 ms, 500 ms, 1000 ms, 2000 
ms, 2500 ms, 4000 ms and 5000 ms. Time constant of inacti-
vation was fitted by single-exponential function.

Statistical analysis

The data are presented as Mean ±SD. The curves were fitted 
with pCLAMP 10.0 (Axon Instruments) and software Origin 6.0. 
The statistical significance was determined using ANOVA to 
compare multiple groups. A value of P<0.05 was considered 
statistically significant.

Results

Effects of sleep deprivation on APD

Action potential traces were recorded in sleep deprivation 1, 
3, 5, and 7 days groups and compared with the control group. 
Figure 1 showed that the action potential duration was pro-
longed after 3 days of sleep deprivation. The APD20 values of 
the 3, 5, and 7 days SD groups (8.28±0.30 ms, 11.56±0.32 ms 

Figure 1.  The action potential traces in different 
sleep deprivation groups. Action 
potential traces were recorded in sleep 
deprivation 1, 3, 5, and 7 days groups 
and the control group. The APDs 
were prolonged after 3, 5, and 7 days 
of sleep deprivation compared with 
control group. Ctrl: control group.

Ctrl 1 d 3 d

0 mV

0 mV
1500 pA, 5 ms

50 ms
30 mV

5 d 7 d
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and 13.24±0.56 ms), were longer than the 1 day SD group 
(5.77±0.20 ms) and control group (5.66±0.16 ms, P<0.01, 
n=18). The APD50 values of the 3, 5, and 7 days SD groups 
changed from 52.77±3.20 ms (1 day group), to 65.28±5.30 
ms, 83.56±7.32 ms, and 89.24±5.56 ms. These results dem-
onstrated that both the APD20 and APD50 were prolonged af-
ter sleep deprivation (Table 1).

Effects of sleep deprivation on Ito current

In Figure 2A, the left inset shows Ito current traces obtained by 
applying train pulses. Current amplitudes of 3, 5, 7, days SD 
groups were markedly smaller than the 1 day SD group and 
control group. At test potentials of +70 mV, current densities of 
Ito were 39.84±3.01 pA/pF in the 1 day group, 27.38±2.42pA/pF 
in the 3 days group, 21.38±1.47 pA/pF in the 5 days group, 
13.74±0.98 pA/pF in the 7 days group, and 40.60±4.04 pA/pF 

Groups APD20 (ms) APD50 (ms)

Control  5.66±0.16  50.66±2.16

1d  5.77±0.20  52.77±3.20

3d  8.28±0.30*  65.28±5.30*

5d  11.56±0.32*  83.56±7.32*

7d  13.24±0.56*  89.24±5.56*

Table 1.  20% of action potential duration (APD20) and 50% of action potential duration (APD50) in sleep deprivation and control groups.

APD20 and APD50 were markedly prolonged in the 3, 5, and 7 days SD groups. * P<0.01 vs. Control (n=18). APD20, APD50: action potential 
duration measured at 20% and 50% of repolarization, respectively.
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Figure 2.  Comparison of the Ito currents in SD and control groups. (A): Original recording of Ito. The left inset shows current traces 
obtained by applying train pulses from –40mV to +70mV for 300 ms from holding potential of –80 mV. Current amplitudes in 
3, 5, and 7 days SD groups were markedly smaller than in 1 day SD group and Ctrl group; (B): I–V relationship curves of Ito. to 
current were activated in the –20 mv, and shifted to depolarization. Compared with the Ctrl group, densities of Ito in 3, 5, and 
7 days SD groups were markedly decreased; (C): Current-voltage relationship shows that densities of to increased slower at 
more positive membrane potentials. * P<0.01 vs. Ctrl group (n=18) Ctrl: control group; Ito, peak: the peak current of Ito.
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in the control group (P<0.01,n=18, Figure 2B). After sleep de-
privation, the outwardly rectifying of Ito was reduced or even 
disappeared. In the 7 days group, the current density-voltage 
(I–V) curve was almost a straight line. The current-voltage re-
lationship showed slower acceleration of densities (Ito) in the 
3, 5, and 7 days group and a more positive membrane poten-
tial of +10 mV (Figure 2C).

Effects of sleep deprivation on steady-state activation of 
Ito currents

The changes in the Ito gating mechanism associated with 
SD have also been studied. After sleep deprivation, the 
steady-state activated curve was shifted to positive poten-
tials (Figure 3A–3C). The half-activation potential (V1/2,act) was 
–31.51±1.75 mV in the control group, –22.62±0.53 mV in the 1 
day group, –14.47±0.86 mV in the 3 days group, –11.58±0.47 
mV in the 5 days group, and –0.98±0.66mV in the 7 days group 
(P<0.01, n=18). The slope factors of activation curve (kact) did 
not change significantly in any group.

Effects of sleep deprivation on steady-state inactivation of 
Ito currents

After sleep deprivation, the steady-state inactivated curve was 
shifted to left and the half-inactivation potentials (V1/2,inact) of Ito 
were shifted towards depolarization. There were no changes in 
the slope factors of the inactivation curve (kinact) (Figure 3D–3F).

Effects of sleep deprivation on the time course of recovery 
from inactivation of Ito currents

A slow recovery from inactivation of the Ito in sleep depriva-
tion cardiomyocytes was obtained. Figure 4A shows that the 
current recovery of inactivation was slow after sleep depriva-
tion. When recovery time was shortened to 100 ms, this phe-
nomenon was more obvious (Figure 4B).
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Figure 3.  Voltage dependence of steady-state Ito activation and voltage dependence of steady-state Ito inactivation in the 
different groups. (A): Boltzmann equation-fitted activation curves of sleep deprivation cardiomyocytes were shifted to 
positive potentials; (B): Statistical data of V1/2,act were significantly changed. ** P<0.01 vs. Ctrl group (n=18); (C): The kact 
of Ito activation in SD groups were not statistically changed. (D): The steady-state inactivated curves were shifted to 
depolarization; (E): Statistical data of V1/2,inact were significantly changed. * P<0.05; ** P<0.01 vs. Ctrl group, respectively 
(n=18); (F): The kact of Ito inactivation in SD groups were not statistically changed. Ctrl: control group; V1/2,inact: the half-
inactivation potentials; kinact: the slope factors of inactivation curve; V1/2,act: the half-activation potentials; kact: the slope factors 
of activation curve.
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Effects of sleep deprivation on inactive, closed-state of Ito 
currents

The inactive, closed-state of Ito currents were accelerated in 
cardiomyocytes from sleep deprivation rats. At the 5000 ms, 
about 95.1% Ito channels were opening in cardiomyocytes of 
the control group, but only 80.6–84.9% of Ito channels were 
opening after sleep deprivation (Figure 5).

Discussion

To the best of our knowledge, this is the first study focused 
on action potential morphology changes and its possible ion-
ic mechanism of ventricular myocyte in a rat sleep deprivation 
model. In this study, we first analyzed the changes of action po-
tential traces, APD20 and APD50 of the ventricular myocytes from 
SD rats. This result suggested that SD significantly increased 

APD. Compared with the control group, the APD20 and APD50 
were increased after SD. The prolongation at APD20 repolar-
ization was more obvious than that observed at APD50. The 
prolongation of APD20 repolarization was more obvious than 
that of APD50. The present study suggests that SD could in-
crease APD with an obviously extended early stage of APD.

It had been widely documented that sleep deprivation (SD) 
leads to increased cardiovascular events, metabolic disorders, 
and even mortality [13–15]. Several studies of physical diseas-
es such as chronic heart failure and obstructive sleep apnea 
syndrome (OSAS) have suggested a link between increased 
severity of sleep disturbance and risk of cardiac arrhythmias 
[16–18]. Investigations have indentified pathophysiological re-
lationships between OSAS and cardiac arrhythmias, including 
atrial fibrillation (AF) and sudden cardiac death (SCD) [19,20]. 
Obstructive sleep apnea (OSA) is a sleep-related breathing dis-
order characterized by sleep fragmentation and repetitive hy-
poxia. The pathogenesis of cardiac arrhythmias in OSAS is be-
lieved to be multi-factorial, including hypoxia and hypercapnia, 
negative intrathoracic pressure, and sleep disturbance. The au-
tonomic imbalance caused by these factors was once believed 
to be the final common pathway of OSA-induced cardiac ar-
rhythmias [21–24]. Recent studies revealed that systemic in-
flammation, cardiac remodeling, myocardial fibrosis, and isch-
emia also give rise to the risk of cardiac arrhythmias in OSAS 
patients [25–28]. In OSAS patients, sleep deprivation is always 
accompanied with hypoxia and intrathoracic pressure chang-
es. The results of OSAS studies cannot properly evaluate the 
independent impact of sleep deprivation on cardiac arrhyth-
mias without interference of breathing disorders.

In addition, both human and animal studies demonstrated that 
paradoxical sleep loss could increase sympathetic nerve activi-
ty (SNA) and induce cardiovascular alterations, which give rise 
to hypertension and arrhythmia susceptibility [29–35]. Ozer 
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Figure 5.  Comparison of closed-state inactivation of Ito in the 
different groups. Compared with Ctrl group, closed-
state inactivation in sleep deprivation cardiomyocytes 
was accelerated. Ctrl: control group.
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et al. reported that young adults had significantly higher val-
ues of QTmax, QTd, and cQTd after a night of sleep debt [7]. 
Some research also proved prolongation of QT interval and 
QT interval dispersion following sleep disturbances [36,37]. A 
study on arrhythmia has confirmed that QT interval prolon-
gation is associated with increased vulnerability to lethal ar-
rhythmia such as ventricular fibrillation and sudden death[38]. 
Increased QTd also has been reported as a risk factor of ar-
rhythmic events or even cardiac death [39]. The association 
between APD and QT interval prolongation was demonstrat-
ed by several studies under physiological and pathological 
conditions. Our study is the first to observe the prolongation 
and morphology changes of APD after sleep deprivation. Our 
results suggest that increased APD (especially APD20) of ven-
tricular myocytes may be a cellular mechanism of QT interval 
prolongation after sleep deprivation, which leads to increased 
risk of ventricular arrhythmia.

The Ito channel is a transient outward potassium current. It is 
a feature that is rapidly activated and inactivated in response 
to depolarization, which is sensitive to 4-aminopyridine [40]. 
Ito is the key outward potassium current in the early stage of 
action potential, and its inhibition would significantly pro-
long the effective refractory period (ERP) [41,42]. In the pres-
ent study, we showed that SD was associated with reduction 
of Ito amplitude in cardiomyocytes, compared with the con-
trol group. The peak Ito current density decreased in ventric-
ular myocytes from sleep-deprived rats, which suggests that 
sleep deprivation reduces Ito current. The current-voltage re-
lation curve of Ito peak current shifted downward after sleep 
deprivation, which indicates that sleep deprivation decreased 
or even blocked the outward currents of Ito. The right-shifted 
steady-state activation curve of Ito after sleep deprivation sug-
gests that SD reduced current amplitude and density by de-
creasing ion channel activation of Ito. The steady-state inacti-
vation curves of Io in ventricular myocytes from sleep-deprived 
rats shifted to the left, which suggests that SD might enhance 
the blockade of Ito channel and decrease the transient outward 
K+ current. The retarded recovery time of inactivated Ito chan-
nel indicates decreased Ito current density, which might be re-
lated to the retarded recovery of inactivated Ito channel caused 
by SD. Facilitating the closed-state inactivation of Ito channel 
resulted in decreased Ito current density in ventricular myo-
cytes from sleep-deprived rats. Taken together, the feature of 
Ito inhibition is in line with the prolongation of APD (especial-
ly APD20) after SD.

Our experimental results show that Ito current was significant-
ly inhibited after sleep deprivation. Some studies have con-
firmed that sleep deprivation can lead to cardiovascular sys-
tem damage by factors such as oxidative stress, inflammation, 
and sympathetic nervous system activity [43–46]. Moreover, 
in myocardial infarction rats, Ito downregulation was induced 
by both hypoxia and the decrease of pH, and the current den-
sities of Ito reduced with decreased expressions of Kv4.2 [47]. 
Calcineurin and NFATc3 signaling pathways contributed to the 
loss of heterogeneous Kv4.2 expression and reduced Ito density 
in the mouse left ventricle during chronic b adrenergic recep-
tor agonist isoproterenol stimulation [48]. Fernández-Velasco 
et al. [49] found that TNF-exposure, through iNOS induction 
and generation of oxidant species, decreased Ito and prolonged 
action potential duration in rat ventricular myocytes. Our pre-
vious studies also have suggested that oxidative stress was 
associated with electric remodeling in atrial myocytes. H2O2 
could reduce the peak current density of Ito and made the I–V 
curve shift downward [50]. Therefore, the results of our current 
experiment indicated that sleep deprivation might decrease Ito 
current by modulating autonomic nervous and hormone balanc-
es, inducing oxidative stress and the inflammatory response.

In conclusion, we suggest that inhibition of the Ito channel and 
prolongation of APD in ventricular myocytes might be impor-
tant ionic and cellular mechanisms of SD-related ventricular 
arrhythmias.

Limitations

In the present study, we only focused on the changes of Ito 
current density and its impact on the action potential config-
uration after sleep deprivation. Sallé et al. suggested that the 
Ca2+ current was also involved in the lengthening of APD [51]. 
We plan to investigate Ca2+ current changes after SD in our 
future work. Additionally, we evaluated the electrophysiologic 
changes of ventricular myocytes after acute sleep deprivation 
in this study, but more work is needed in the field of chron-
ic sleep deprivation.

Conclusions

Our study shows that decreased activation and accelerated in-
activation of the Ito channel caused the reduction of Ito current 
density after sleep deprivation, which resulted in prolonged 
APD of ventricular myocytes.

References:

 1. Sgoifo A, Buwalda B, Roos M et al: Effects of sleep deprivation on car-
diac autonomic and pituitary-adrenocortical stress reactivity in rats. 
Psychoneuroendocrinology, 2006; 31(2): 197–208

 2. Meerlo P, Sgoifo A, Suchecki D: Restricted and disrupted sleep: effects on 
autonomic function, neuroendocrine stress systems and stress responsiv-
ity. Sleep Med Rev, 2008; 12: 197–210

 3. Buxton OM, Pavlova M, Reid EW et al: Sleep restriction for 1 week reduc-
es insulin sensitivity in healthy men. Diabetes, 2010; 59: 2126–33

548
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Fang Z. et al.: 
Effects of sleep deprivation on action potential and transient outward potassium…

© Med Sci Monit, 2015; 21: 542-549

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

ANIMAL STUDY



 4. Mullington JM, Simpson NS, Meier-Ewert HK, Haack M: Sleep loss and in-
flammation. Best Pract Res Clin Endocrinol Metab, 2010; 24: 775–84

 5. van Leeuwen WM, Lehto M, Karisola P et al: Sleep restriction increases the 
risk of developing cardiovascular diseases by augmenting proinflammato-
ry responses through IL-17 and CRP. PLoS One, 2009; 4: e4589

 6. Patel SR, Zhu X, Storfer-Isser A et al: Sleep duration and biomarkers of in-
flammation. Sleep, 2009; 32: 200–4

 7. Ozer O, Ozbala B, Sari I et al: Acute sleep deprivation is associated with in-
creased QT dispersion in healthy young adults. Pacing Clin Electrophysiol, 
2008; 31: 979–84

 8. Joukar S, Ghorbani-Shahrbabaki S, Hajali V et al: Susceptibility to life-threat-
ening ventricular arrhythmias in an animal model of paradoxical sleep de-
privation. Sleep Med, 2013; 14(12): 1277–82

 9. Antzelevitch C, Fish J: Electrical heterogeneity within the ventricular wall. 
Basic Res Cardiol, 2001; 96(6): 517–27

 10. Nerbonne JM: Molecular basis of functional voltage-gated K+ channel di-
versity in the mammalian myocardium. J Physiol, 2000; 525 Pt 2: 285–98

 11. Machado RB, Hipolide DC, BenedIto-Silva AA, Tufik S: Sleep deprivation in-
duced by the modified multiple platform technique: quantification of sleep 
loss and recovery. Brain Res, 2004; 1004(1–2): 45–51

 12. Zhao L, Lou J, Wu H et al: Effects of taurine-magnesium coordination com-
pound on ionic channels in rat ventricular myocytes of arrhythmia induced 
by ouabain. Biol Trace Elem Res, 2012; 147(1–3): 275–84

 13. Wolk R, Gami AS, Garcia-Touchard A, Somers VK: Sleep and cardiovascu-
lar disease. Curr Probl Cardiol, 2005; 30: 625–62

 14. Tamakoshi A, Ohno Y: Self-reported sleep duration as a predictor of all-
cause mortality: Results from the JACC study, Japan. Sleep, 2004; 27: 51–54

 15. Patel SR, Ayas NT, Malhotra MR et al: A prospective study of sleep dura-
tion and mortality risk in women. Sleep, 2004; 27: 440–44

 16. Staniforth AD, Sporton SC, Early MJ et al: Ventricular arrhythmia, Cheyne-
Stokes respiration, and death: Observations from patients with defibrilla-
tors. Heart, 2005; 91: 1418–22

 17. Rao A, Georgiadou P, Francis DP et al: Sleep-disordered breathing in a gen-
eral heart failure population: Relationships to neurohumoral activation and 
subjective symptoms. J. Sleep Res, 2006; 15: 81–88

 18. Jilek C, Krenn M, Sebah D et al: Prognostic impact of sleep disordered breath-
ing and its treatment in heart failure: An observational study. Eur J Heart 
Fail, 2011; 13: 68–75

 19. Gami AS, Pressman G, Caples SM et al: Association of atrial fibrillation and 
obstructive sleep apnea. Circulation, 2004; 110: 364–67

 20. Gami AS, Somers VK: Implications of obstructive sleep apnea for atrial fibril-
lation and sudden cardiac death. J Cardiovasc Electrophysiol, 2008; 19(9): 
997–1003

 21. Gilmartin GS, Lynch M, Tamisier R, Weiss JW: Chronic intermittent hypox-
ia in humans during 28 nights results in blood pressure elevation and in-
creased muscle sympathetic nerve activity. Am J Physiol Heart Circ Physiol, 
2010; 299(3): H925–31

 22. Pitson DJ, Stradling JR: Autonomic markers of arousal during sleep in pa-
tients undergoing investigation for obstructive sleep apnoea, their relation-
ship to EEG arousals, respiratory events and subjective sleepiness. J Sleep 
Res, 1998; 7(1): 53–59

 23. Henderson LA, Woo MA, Macey PM et al: Neural responses during Valsalva 
maneuvers in obstructive sleep apnea syndrome. J Appl Physiol (1985), 
2003; 94(3): 1063–74

 24. Reynolds EB, Seda G, Ware JC et al: Autonomic function in sleep apnea pa-
tients: increased heart rate variability except during REM sleep in obese 
patients. Sleep Breath, 2007; 11(1): 53–60

 25. Mehra R, Benjamin EJ, Shahar E et al: Association of nocturnal arrhythmias 
with sleep-disordered breathing: the Sleep Heart Health Study. Am J Respir 
Crit Care Med, 2006; 173: 910–16

 26. Oliveira W, Campos O, Bezerra Lira-Filho E et al: Left atrial volume and func-
tion in patients with obstructive sleep apnea assessed by real-time three-di-
mensional echocardiography. J Am Soc Echocardiogr, 2008; 21(12): 1355–61

 27. Iwasaki YK, Kato T, Xiong F et al: Atrial fibrillation promotion with long-
term repetitive obstructive sleep apnea in a rat model. J Am Coll Cardiol, 
2014; 64(19): 2013–23

 28. Gami AS, Howard DE, Olson EJ, Somers VK: Day-night pattern of sudden 
death in obstructive sleep apnea. N Engl J Med, 2005; 352: 1206–14

 29. Almeida FR, Perry JC, Futuro-Neto HA et al: Bergamaschi CT.Cardiovascular 
function alterations induced by acute paradoxical sleep deprivation in rats. 
Clin Exp Hypertens, 2014; 36(8): 567–71

 30. Perry JC, Bergamaschi CT, Campos RR et al: Sympathetic and angiotensiner-
gic responses mediated by paradoxical sleep loss in rats. J Renin Angiotensin 
Aldosterone Syst, 2011; 12(3): 146–52

 31. Spiegel K, Leproult R, Van Cauter E: Impact of sleep debt on metabolic and 
endocrine function. Lancet, 1999; 354: 1435–39

 32. Zhong X, Hilton HJ, Gates GJ et al: Increased sympathetic and decreased 
parasympathetic cardiovascular modulation in normal humans with acute 
sleep deprivation. J Appl Physiol, 2005; 98: 2024–32

 33. Neves FA, Marson O, Baumgratz RP et al: Rapid eye movement sleep depri-
vation and hypertension. Genetic influence. Hypertension, 1992; 19: 202–6

 34. DeMesquita S, Hale GA: Cardiopulmonary regulation after rapid-eyemove-
ment sleep deprivation. Appl Physiol, 1992; 72: 970–76

 35. Gottlieb DJ, Redline S, Nieto FJ et al: Association of usual sleep duration 
with hypertension: the Sleep Heart Health Study. Sleep, 2006; 29: 1009–14

 36. Khositseth A, Nantarakchaikul P, Kuptanon T, Preutthipan A: QT disper-
sion in childhood obstructive sleep apnoea syndrome. Cardiol Young, 2011; 
21(2): 130–35

 37. Dursunoglu D, Dursunoglu N, Evrengül H et al: QT interval dispersion in ob-
structive sleep apnoea syndrome patients without hypertension. Eur Respir 
J, 2005; 25(4): 677–81

 38. Rautaharju PM, Manolio TA, Psaty BM et al: Correlates of QT prolongation 
in older adults (the Cardiovascular Health Study): Cardiovascular Health 
Study Collaborative Research Group. Am J Cardiol, 1994; 73: 999–1002

 39. Shimizu H, Ohnishi Y, Inoue T, Yokoyama M: QT and JT dispersion in pa-
tients with monomorphic or polymorphic ventricular tachycardia/ventric-
ular fibrillation. J Electrocardiol, 2001; 34: 119–25

 40. Akar FG, Wu RC, Deschenes I et al: The molecular physiology of the cardiac 
transient outward potassium current Ito in normal and diseased myocardi-
um. Am J Physiol Heart Circ Physiol, 2004; 286(2): H602–9

 41. Liu SJ, Wyeth RP, Melchert RB, Kennedy RH: Aging-associated changes in 
whole cell K+ and L-type Ca2+ currents in rat ventricular myocytes. Am J 
Physiol Heart Circ Physiol, 2000; 279(3): H889–900

 42. Leblanc N, Chartier D, Gosselin H, Rouleau JL: Age and gender differenc-
es in excitation-contraction coupling of the rat ventricle. J Physiol, 1998; 
511(Pt 2): 533–48

 43. Gopalakrishnan A, Ji LL, Cirelli C: Sleep deprivation and cellular responses 
to oxidative stress. Sleep, 2004; 27(1): 27–35

 44. Frey DJ, Fleshner M, Wright KP: The effects of 40 hours of total sleep de-
privation on inflammatory markers in healthy young adults. Brain Behav 
Immun, 2007; 21(8): 1050–57

 45. Haack M, Mullington JM: Sustained sleep restriction reduces emotional and 
physical well-being. Pain, 2005; 119(1–3): 56–64

 46. Everson CA, Laatsch CD, Hogg N: Antioxidant defense responses to sleep 
loss and sleep recovery. Am J Physiol Regul Integr Comp Physiol, 2005; 
288(2): R374–83

 47. Ren C, Wang F, Li G et al: Nerve sprouting suppresses myocardial Ito and 
Ik1 channels and increases severity to ventricular fibrillation in rat. Auton 
Neurosci, 2008; 144(1–2): 22–29

 48. Rossow CF, Dilly KW, Yuan C et al: NFATc3-dependent loss of Ito gradient 
across the left ventricular wall during chronic beta adrenergic stimulation. 
J Mol Cell Cardiol, 2009; 46(2): 249–56

 49. Fernández-Velasco M, Ruiz-Hurtado G, Hurtado O et al: TNF-alpha down-
regulates transient outward potassium current in rat ventricular myocytes 
through iNOS overexpression and oxidant species generation. Am J Physiol 
Heart Circ Physiol, 2007; 293(1): H238–45

 50. Liu Y, Zhang Y, Lin K et al: Protective effect of piperine on electrophysiolo-
gy abnormalities of left atrial myocytes induced by hydrogen peroxide in 
rabbits. Life Sci, 2014; 94(2): 99–105

 51. Sallé L, Kharche S, Zhang H, Brette F: Mechanisms underlying adaptation 
of action potential duration by pacing rate in rat myocytes. Prog Biophys 
Mol Biol, 2008; 96(1–3): 305–20

549
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Fang Z. et al.: 
Effects of sleep deprivation on action potential and transient outward potassium…
© Med Sci Monit, 2015; 21: 542-549

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

ANIMAL STUDY


