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1. Introduction

The most commonly diagnosed sleep disordered breathing is obstructive (OSA) and central
(CSA) sleep apnea. However, establishing the pathogenic mechanisms are not clear and precise
contribution of OSA or CSA in the development of cardiovascular disease is not fully under‐
stood (Arias and Sanchez, 2007). Increased sympathetic activity induced by hypoxia, blood
viscosity, inflammation (Chowdhuri et al., 2007; Patel and Rosen, 2007) or increased oxidative
stress (Schulz et al., 2006) may mediate establishing pathogenesis. In both of these disorders
are described serious complications significantly increasing the risk of arterial hypertension,
coronary heart disease, heart rhythm disorders, including myocardial infarction. Similarly,
CSA is accompanied by a variety of disorders of the heart, such as right ventricular dysfunction
(afterload) (Bugress, 1998).

Apnea episodes produce not only short-term systemic hypoxia as well as hypercapnia and
acidosis, where not only the myocardium is suffering disorders (Budhiraja and Quan, 2005;
Schulz et al., 2006; Aronow, 2007; Patel and Rosen, 2007; Arias and Sanchez, 2007), but also the
central nervous system. These clinical trials unambiguously ascribe the increased risk of
cardiac events to apneic episodes occuring during sleep. In addition, respiratory alkalosis is
also an extremely common and complicated problem affecting virtually every organ system
in the body, the etiology of which may be related to pulmonary or extrapulmonary factors.
However, not at all consider the effect of the recovery of oxygen delivery (reoxygenation) after

© 2014 Svorc et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



apneic episodes on the onset or development of ventricular arrhythmias. Reoxygenation after
apneic episodes does not automatically normalize myocardial properties (electrophysiological
and mechanical), but can also increase the risk of reoxygenation arrhythmias (Mubagwa et al.,
1997; Shinmura et al., 1997). There are many cardiac effects of pulmonary hyperventilation-
induced respiratory alkalosis including tachycardia, heart rhythm disorders (Foster et al.,
2001) and supraventricular tachycardia caused by altered atrioventricular nodal conduction
(Chen et al., 2001). Disorders of pulmonary ventilation are clearly considered to be proar‐
rhythmogenic.

The timing of the transient risk state is dependent upon the synchronisation of the patient and
not upon the time per se. After a transmeridian flight over several time zones, individuals will
be out of phase for at least a short duration of time with their new surroundings. Information
on the speed of the adjustment of the human circadian system is not available, but the system
is probably in a transient state of internal desynchronisation for several days, depending on
the magnitude of the longitudinal transmeridian displacement. It is commonly stated that it
takes one day for every change in meridian. In shift workers, the degree of disturbance of
circadian desynchronisation of physiological functions is in relation to its surroundings and
may vary with the type of working hour shift. Also, the interaction of endogenous rhythms
with environmental factors must be considered.

2. Chronobiology of the electrophysiological myocardial properties under
apnoic episode and reoxygenation

It has been shown that all cardiac functions as well as the symptoms of cardiovascular diseases,
including the various types of ventricular arrhythmias, morbidity and mortality, show
circadian dependence (rhythmicity (Henry et al., 1990; Gilpin et al., 1990; Waterhouse et al.,
2000). Knowledge regarding circadian variations of the electrophysiological myocardial
properties of the heart and autonomic nervous system activity may help to more precisely
evaluate the risk of ventricular arrhythmia incidence. The evidence in the literature regarding
circadian patterns in arrhythmias is complicated by the fact that nearly all of the studies are
confounded by a variety of factors independent of the intrinsic arrhythmogenic activity
(Portaluppi and Hermida, 2007).

But, the circadian system is the foundation of the sleep-wake cycle, disorders and abnormalities
in sleep are often connected with disorders or abnormalities in the circadian system. Circadian
rhythm sleep disorders, such as jet lag syndrome (Auger and Morgenthaler, 2009) and shift
work sleep disorder (Akerstedt and Wright, 2009), are those specifically attributed to dys‐
functions or insufficiencies in the circadian system. Taking into consideration the preeminence
of the circadian clock in timing sleep, it is likely that other sleep disorders are also linked to
circadian system abnormalities (Richardson, 2005).

There are the clinical trials, which refer to fact that connection of the circadian rhythmicity of
the cardiovascular events with apnoic episodes may have practical relevance in screening for
patients with OSA and may have prognostic clinical value in predicting future cardiovascular
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events. The risk of sudden death from cardiac causes has peak from 06:00h to noon and a nadir
from midnight to 06:00h. OSA is associated with neurohormonal and electrophysiological
abnormalities that may increase the risk of sudden death from cardiac causes, especially during
sleep. Gami et al. (2005) followed this dependence in 112 people, who died suddenly from
cardiac causes. They found that from midnight to 06:00h, sudden death from cardiac causes
occurred in 46% of people with OSA, as compared with 21% of people without OSA. People
with sudden death from cardiac causes from midnight to 06:00h had a significantly higher
apnea-hypopnea index than those with sudden death from cardiac causes during other
intervals, and the apnea-hyponea index correlated directly with the relative risk of sudden
death from cardiac causes from midnight to 06:00h. Thus, people with OSA have a peak in
sudden death from cardiac causes during the sleeping hours, which contrasts strikingly with
the nadir of sudden death from cardiac causes during this period in people without OSA. The
different variation in onset of myocardial infarction was found in patients with and without
OSA. Myocardial infarction occurred between 12:00h and 06:00h in 32% of OSA patients and
7% of non/OSA patients. Of all patients having myocardial infarction between 12:00h and
06:00h, 91% had OSA. These findings suggest that OSA may be a trigger for myocardial
infarction and patients having nocturnal onset of myoacardial infarction should be evaluated
for OSA. Future research should address the effects of OSA therapy for prevention of nocturnal
cardiac events (Kuniyoshi et al., 2008).
Besides humans, almost all animals are exposed to periodic repetitions of light and dark cy‐
cles during a 24-hour (circadian) period to which virtually all physiological functions are
synchronized. Disturbance of the internal synchronization of rhythms with the periodicity
of the external environment may manifest by increased susceptibility to disease. Surprising‐
ly, there are only few works describing day-time of the experiment running or synchroniza‐
tion of animals to the external environmental periodicity, such as the light-dark (LD) cycle.
It can be a problem, because the LD cycle is given for one of the strongest circadian synchro‐
nizators of the animal endogenous rhythms. Therefore, the creation of experimental, in vivo,
chronobiological animal models may help reveal some of the relationships between circadi‐
an time and biological function, which is sometimes very difficult to study in humans. From
this reason, the circadian variability should be considered as important factor especially in
the cardiovascular studies.

For example, the 24h course of the myocardial vulnerability showed the highest susceptibility
of the rat ventricular myocardium to arrhythmias between 12:00h and 15:00h and highest
resistance between 24:00h and 03:00h under normooxic conditions (Svorc et al., 1994; 2012). In
hypoventilatory rat model, hypoventilation-induced systemic hypoxia, hypercapnia and
acidosis increased the myocardial vulnerability and decreased heart rate values throughout
the 24-hour period. Circadian rhythm of the electrical stability of the heart was changed to
biphasic with smaller peak between 15:00h and 18:00h and higher peak between 24:00h and
03:00h. The hypoventilatory circadian rhythm of the electrical stability of the heart was not
significant as revealed by the population mean cosinor (Svorc et al., 1997, 2000). Hyperventi‐
lation does not disturb, but likely only modifies the circadian rhythm of the electrical stability
of the heart. The hyperventilatory 24h rhythm of the myocardial vulnerability shows a
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nonsignificant pattern, with higher myocardial resistance during the dark (active) period of
the LD cycle.

On the basis of these facts, it is clear that the disorders of pulmonary ventilation (hypoventi‐
lation, hyperventilation) not only change the electrophysiological properties of the myocar‐
dium, but also circadian rhythm of the myocardial vulnerability to the ventricular arhythmias.
This includes also apnoic episodes, which are also arrhythmogenicly. Problems of connection
of the circadian rhythmicity of the cardiovascular system with apnoic episodes is not study in
more detail, although clinical studies suggest a connection between sudden death from cardiac
causes and OSA dependent on circadian timing. The question remains whether there also a
reverse connection? Could patients with OSA, without obvious cardiac diseases, be more
susceptible to heart-rhythm disorders during sleep after a change in synchronisation with local
time? We evaluated if apneic episodes and subsequent reoxygenation changed the electrical
predisposition of the heart to ventricular arrhythmias, heart rate (HR), activity of the auto‐
nomic nervous system and acid–base balance by the same manner in active (dark) and non-
active (light) part of the day.

The present study conformed with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH publication number 85-23, revised
1996). The study protocol was also approved by the Ethics Committee of the Medical Faculty
of Safarik University (Kosice, Slovak Republic) (permission number 2/05).

The experiments were performed in ketamine/xylazine anaesthetized female Wistar rats
(ketamine [Narkamon] 100 mg/kg [SPOFA Prague] + xylazine [Rometar] 15 mg/kg, intra‐
muscularly). Anaesthesia was maintained at a level such that painful stimuli and surgery did
not evoke noticeable motor or cardiovascular responses. On completion of the experiments,
rats were sacrificed by cardiac administration of an overdose of ketamine. The effect of the
light period (light phase) on electrophysiological properties of the heart, acid-base balance,
ions and heart rate variability (HRV) were followed after adaptation to an LD cycle (12h light,
12h dark, 40%-60% humidity, room temperature 24 °C, two animals/cage with access to food
and water ad libitum) for four weeks, with the dark part of the cycle from 18:00h to 06:00h. The
effect of the dark period (dark phase) was followed after adaptation to the inverse setting of
the LD cycle (12h dark, 12h light), with the dark period from 06:00h to 18:00h. The experiments
were performed twice (the first animal between 09:00h and 10:00h and the second animal
between 12:00h and 13:00h) (scheme 1).

2.1. Ventilation

The trachea was exposed at the mid-cervical level and cannulated using a plastic tube. A
tracheal cannula was attached to a volume-rate-regulated artificial ventilator (UGO Basile,
Comerio-Varese, Italy) and animals ventilated by room air. The parameters of the initial
ventilation and reoxygenation were a respiratory rate of 50 breaths/min and a tidal volume of
1 ml/100 g body weight. The parameters of ventilation were chosen on the basis of validated
methods of artificial controlled ventilation using room air for pentobarbital-anaesthetised rats,
which can be applied for the preservation of normal acid–base balance. Apneic episode was
simulated by switching off the ventilator for 2 min. The respiratory effect of the pulmonary
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ventilatory changes was monitored by the analysis of the acid-base balance from blood samples
taken from the femoral artery unrepeatedly at the end of experiment in the single groups.

2.2. Experimental protocol

Animals were randomly divided into seven groups (14 animals in each group) for the light
and dark parts of the day to evaluate the acid–base balance in single experimental steps. Group
1 contained intact rats before surgical interventions, spontaneous breathing under ketamine/
xylazine anaesthesia (Intact). Group 2 contained rats after tracheotomy, thoracotomy and 5
min of normal artificial ventilation (Stabil). Group 3 contained rats who underwent 2 min of
apnoea (Apnoea). Group 4 had rats that underwent 5 min of reoxygenation (5 reoxy). Group
5 had rats that underwent 10 min of reoxygenation (10 reoxy). Group 6 involved rats who had
15 min of reoxygenation (15 reoxy). Group 7 contained animals that had 20 min of reoxyge
nation (20 reoxy) after 2 min. apneic episode. The experiment was completed by taking blood
samples (scheme 2).

2.3. Measurements

ECG parameters, acid-base balance and HRV measurements were performed in the supine
position on a preheated table. Body temperature was maintained at a level equivalent to the
rectal temperature measured before anaesthetic agent administration. Heat provided by an
infrared lamp was used to prevent any hypothermic effects on heart rate.

The chest was opened via a parasternal thoracotomy for elimination of nervous breathing
control mechanisms and measurement of the electrical stability of the heart (measured by the
ventricular arrhythmia threshold - VAT). The VAT was estimated as the minimal amount of
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Scheme 1. Adaptation of rats to the LD cycle (12h : 12h) in a special room. Light stripe - the light part of the rat regime
day, dark stripe - the dark part of the rat regime day. Arrows indicate the time of the experiment running.
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Scheme 2. Experimental protocol. Arrows denote single steps of the experiment with measurement of the ventricular
arrhythmia threshold for evaluation of the electrical stability of the heart.
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electrical current (mA) needed for elicitation of ventricular arrhythmias. The heart was
protected from changes in temperature and humidity by administering physiological solution,
dropwise, to the heart, with temperature equal to rectal temperature measured before the
anaesthetic agent application. The stimulating platinum electrodes (diameter 1 mm and 5 mm
interelectrode distance, temperatura equal to rectal temperature) were placed at the base of
right ventricle. Parameters of the electrical stimulation were 400 ms series of rectangular
pulses; frequency, 30 Hz; impulse length, 10 ms). Stimuli were triggered by onset of the R wave
in the II lead of electrocardiography (ECG) on the base of synchronization of ECG with
stimulator. The current intensity was increased progressively by increments of 0.2 mA until
ventricular arrhythmias were obtained. Recovery of the sinus rhythm was spontaneous.

The bipolar electrodes were attached to the upper and lower limbs and served for recording
of the heart rate (HR), ECG and heart rate variability (HRV). ECG was further analysed using
computer software (ECG Practic Veterinary, Prague, Czech Republic). Measurement of the
ECG and HR (mean value of the last four cycles) were carried out: in intact animals; after
tracheotomy (Tr); thoracotomy (To); after each minute of the 5-min stabilization; after each 30
s of the apneic episode; and after each minute of the 20-min reoxygenation. HRV was analysed
from ECG using computer software (Varia Pulse TF4, Sima, Olomouc, Czech Republic).
Analysis of HRV was performed by scoring 600 RR intervals needed for calculation of HRV
parameters. The following HRV parameters were measured: RR interval duration (ms), very
low frequency (VLF) power (corresponding to sympathetic activity), low frequency (LF) power
(baroreceptor activity, or sympathetic and parasympathetic activity together), high-frequency
(HF) power (corresponding to parasympathetic activity) (ms2) and relative VLF power, relative
LF power and relative HF power (%).

2.4. Statistical analysis

The data are presented as the means ± SD. A non-paired t - test was used for statistical
evaluation. Differences of p < 0,05 were considered significant. The relationship between the
evaluated parameters was determined by calculating correlation coefficients. The interval –0,4
> r > +0,4 was considered to be significant. The data were processed from trials that were
conducted independent of the season because circannual variation can also occur in the
parameters that were examined.

2.5. Limitations of study

Absence of the reference ECG values, acid-base balance parameters and HRV parameters (also
literary current data) from animals without anaesthesia and in the LD dependence can be a
limitation in our study. The next limitation can be a relatively large dispersion of the measured
values. The ECG, acid-base and HRV values showed intra- and interindividual variability,
which is a problem, mainly concerning in vivo studies. The discrepancy can be explained by
the production of spontaneous, unpredictible alterations in the electrophysiologic properties
of the heart induced by anaesthesia, or hormonal and homeostatic reflexes in the animals. The
third limitation was that rats were in systemic asphyxia from the start to the end of the
experiment independent of the LD cycle. This state has been described by other authors in rats
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(Sumitra et al., 2004; Alva et al., 2006) and reflects the changes in cardiovascular (Sumitra et
al., 2004) and respiratory (Farver et al., 1986) systems.

In the first moment, we have focused on the assessment of the changes in heart rate and
electrical stability of the heart. The disruptive effect of acute hypoxia on the LD-dependent
differences in the HR–response curve was not confirmed, as suggested by other authors
(Mortola and Seifert, 2000; Bishop et al., 2001; Bosco et al., 2003; Kaplan et al., 2003; Mortola,
2007). However, it is known that ketamine/xylazine anaesthesia decreases heart rate (Hsu et
al., 1986; Morita et al., 1997; Cope et al., 1997) which has been connected with systemic asphyxia
after administration of anaesthetic agent (Švorc et al., 2009).

One of the main conclusions is that the HR was significantly and systematically higher in the
dark part than in the light part of the day during apneic episode-induced acute systemic
asphyxia. Start of apneic episode significantly (p<0,001) decreased the HR only in the dark part
of the day compared with the HR value from the end of the period of stabilization, not in the
light part. The HR decreased gradually until the end of the apneic episode in both lighted parts
of the day. Although reoxygenation significantly (p<0,001) increased the HR in both lighted
parts of the day, surprising was the finding that the LD differences were eliminated during
reoxygenation.

Figure 1. HR changes in single experimental steps. White circles represent the light part of the day and black circles
the dark part. Int: intact animals under ketamine/xylazine anaesthesia before surgical intervention allowing for spon‐
taneous breathing in the supine position. Tr: tracheotomy. To: thoracotomy.*** p < 0,001; ** p < 0,01 * p < 0,05 statis‐
tically significant HR differences between the light and dark part of the day (Svorc Jr. et al., 2011).

Twenty minutes of reoxygenation recovered the HR approximately to the HR levels of
spontaneously breathing animals. Decrease of HR can be explained by effect of hypoxia
(Hinojosa-Laborde and Mifflin, 2005) or a larger parasympathetic influence (Hayashida et al.,
1996; Svorc Jr. et al. 2013) (figure 1).

The electrical stability of the heart after the period of stabilization showed significant (p<0,001)
LD differences with the higher values during the active (dark) part of the regimen day. Apneic
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episodes significantly (p<0,001) decreased the VAT in both light parts of the day and eliminated
LD differences. The results clearly demonstrate and confirm the pro-arrhythmogenic effects
of apneic episodes (Budhiraja and Quan, 2005; Schulz et al., 2006; Aronow, 2007; Patel and
Rosen, 2007; Arias and Sanchez, 2007). In our model, we initially stated that the pro-arrhyth‐
mogenic effects of apneic episodes act in the same manner regardless of whether they are in
the light (non-active) or dark (active) part of the day for rats (figure 2).

Figure 2. VAT changes in single experimental steps. White columns represent the light part of the day, and black col‐
umns the dark part. Stabil: animals after tracheotomy, toracotomy and 5 min artificial ventilation. Apnoae: after a 2-
min apneic episode. 5 reoxy, 10 reoxy, 15 reoxy and 20 reoxy: after 5, 10, 15 and 20 min of reoxygenation,
respectively. *** p < 0,001; ** p < 0,01 statistically significant VAT differences between the light and dark part of the
day (Svorc Jr. et al., 2011).

The decreased the electrical stability of the heart also in the course of whole 24h period (Svorc
et al., 1994, 1997) confirm results from other electrophysological studies about the effect of
hypoxia on myocardium. The reason of disorders of the heart rhythm in the hypoxic state is a
sudden increase of the extracellular K+ concentration, which play the crucial role in the changes
of the rest membrane potential and can produce the ectopic activity as well as inhibition of the
rapid reaction (Opie et al., 1979). The rapid increase of the extracellular K+ concentration is
result of KATP channel activation. It is inactivated in the normooxic conditions, but it is activated
in the hypoxic or anoxic conditions (Noma and Shibasaki, 1985; Sanguinetti et al., 1988; Daut
et al., 1990; Billman et al., 1993). Thus, the blockade of KATP channels acts antiarrhythmic
(Wolleben et al., 1989). We can suppose that mechanism of the K+ current activation by hypoxia
can be responsible for change in the electrical stability of the heart also in the circadian
dependence, although biphasic course of the VAT is not perspicuously explained by this
mechanism.

However, it seems that recovery of the pulmonary ventilation after apneic episodes can also
contribute to heart rhythm disorders, but this is dependent upon the light (non-active)-dark
(active) cycle. In the dark part of the day, the gradual increase in the VAT is associated with
the duration of reoxygenation (anti-arrhythmogenic effect) compared with the light part of the
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day, where the contrary tendency was observed (pro-arrhythmogenic effect). This suggests
that synchronisation of the organism to a particular enviromental periodicity could be a crucial
factor influencing myocardial vulnerability to ventricular arrhythmias mainly in the process
of recovery of the pulmonary ventilation after an apneic episode. Our model suggests that
synchronisation to local time may be an important factor for evaluation of cardiovascular risk
in patients suffering from OSA. Analyses of myocardial reactions to acute systemic asphyxia
induced by apneic episodes (as well as to reoxygenation) is very important in experimental
respirology and cardiology because the myocardium reacts differently depending on the
external environmental periodicity.

3. Chronobiology of the ECG parameters during apnoic episode and
reoxygenation

Therefore, myocardial vulnerability changes depend on the breathing as well as on the lighted
mode of the rat regime day. In addition, number of electrophysiological properties of the
cardiac structures are recognized as essential for the triggering and maintenance of heart
rhythm disorders and show dependence on the time of day (Portaluppi and Hermida, 2007).
The question remains, which electrophysiological properties play a role in the myocardial
sensitivity to the ventricular arrhythmias during apnoic episode and recovery of the pulmo‐
nary ventilation (reoxygenation) depending on the cycle of the light and the darkness succes‐
sion. Ventilatory disorders act arrhythmogenicly and the chronophysiological view on the
functional interconnection between disorders of pulmonary ventilation and changes in the
electrophysiologic properties of the heart are also important. We got from the fact that
ventricular arrhythmias may arise either from the disorders of the impulse formation and
conduction (presented by PQ interval), or from a enlarged dispersion of the refractory periods
(presented by QT interval).

We analyzed the PQ and QT interval changes (Bacova et al., 2010) in the single experimental
steps. In intact animals, higher values of PQ interval duration during in the light (inactive,
sleep) phase of the rat regime day suggest that ventricular myocardium is more susceptible to
arrhythmias originating from impulse production and conduction compare to the active part
of the day. The speed of the impulse conduction from atria to ventricles (PQ interval) depends
from action potential amplitude, reflecting the active role of Na+ channels (Carmeliet, 1986;
Amitzur et al., 2000). It can mean that ketamine/xylazine anaesthesia with associated systemic
asphyxia as well as with subsequent surgical interventions do not affect the kinetics of the Na
+ channels, which are likely to be different in the light and dark part of the rat regime day. It
seems that PQ interval is the relative stable electrophysiological parameter of the heart and it
is directly influenced by the LD cycle (figure 3). Mechanisms of such different effect of
ketamine/xylazine anaesthesia are still unknown and were not analyzed in detail.

Apneic episodes, obstructive or central, often in a connection with the sleep apnea syndrome,
are linked with disorders of the cardiac rhythm (Cutler et. al., 2002; Yamashita et al., 2004;
Bounhoure et al., 2005; Dunai et al., 2006; Bayram and Diker, 2008; Grešová et al., 2009). In our
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model, short-term asphyxia increases vulnerability to the arrhythmias originating from
disorders of the impulse production and conduction more in the light (inactive) than in the
dark (active) part but does not disturb LD dependence. Long-term apneic episode, connected
with more serious asphyxia, henceforth prolonges PQ interval and increases vulnerability to
the arrhythmias but probably independently on the LD cycle. Reoxygenation recovered PQ
interval duration to the pre-asphyxic values with preservation of the LD differences observed
in intact animals.
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Figure 4. Mean ± SD values of the QT interval duration in intact animals (Int), after tracheotomy (Tr), thoracotomy
(To), 5 min. stabilization (Stabil), in each 30 sec. of 2 minutes apneic episode and after 5., 10., 15. and 20 minute of
artificial reoxygenation. Empty and black columns refer to light and dark parts of the day, respectively. The level of
significance of differences between the light and dark part of the rat regime day is indicated by the symbol (* p < 0,05,
** p < 0,01, *** p < 0,001) (Bacova et al., 2010).
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Figure 3. Mean ± SD values of the PQ interval duration in intact animals (Int), after tracheotomy (Tr), thoracotomy
(To), 5 min. stabilization (Stabil), in each 30 sec. of 2 minutes apneic episode and after 5., 10., 15. and 20 minute of
artificial reoxygenation.. Empty and black columns refer to light and dark parts of the day, respectively. The level of
significance of differences between the light and dark part of the rat regime day is indicated by the symbol (* p < 0,05,
** p < 0,01, *** p < 0,001) (Bacova et al., 2010).
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Loss of the LD differences in the dispersion of the refractory period durations (QT interval)
can be a result of the effect of the initial asphyxia, which has distracting influence on the LD
differences in QT interval. A similar situation was described by Gunes et al. (2008) in clinical
study, where the loss of diurnal variation of the dispersion of the refractory periods was also
present in patients having either an ischemic or non-ischemic origin of heart failure treated
with optimal drug therapy. Although dispersion of the refractory period duration (QT interval)
is the result of the action of more ion currents (Ca2+, Na+, Cl- and inward rectifying K+ current)
(Amitzur et al., 2000), depends mainly from intracellular K+ concentration (Froldi et al., 1994).
This suggests that ketamine/xylazine anaesthesia together with initial asphyxia probably
influence mainly K+ ion current by the same manner in the both lighted parts of the day and
disturb the light-dark dependence.

The opposite situation is true of the QT interval. Short-term apneic episode increased vulner‐
ability to the arrhythmias originating from dispersion of the refractory period independently
on the LD cycle, but long-term apneic episode facilitated the LD differences with the higher
dispersion during the dark (active) than light (nonactive) part of the rat daily regime. The next
LD difference was seen at the end of asphyxic period. Slightly decreased the QT interval
duration was only during the light (nonactive) part, but not during the dark (active) one.

These changes may be caused by changes in ion channel sensitivities regarding duration and
gravity of asphyxia. Hypoxia exacerbated the atrioventricular conduction by reduction of the
slow inward Na+ current and by rectifying K+ current and depressed automaticity by the
increase of the outward K+ current and in the certain range by reduction of the slow inward
Na+ current in the isolated rabbit AV node (Nishimuraet al., 1989). Sinus interval, AH and HV
interval are gradually prolonged with the duration of the hypoxia. These effects are attributed
to the K+ ATP channel (Sawanobori 1995), which is probably activated by the endogenous
adenosine released from the hypoxic myocardium (Xu et al., 1994; Leone Jr. and Merrill,
1995). Our results suggest that above mentioned changes can be modified also by the LD cycle.

Interesting is fact that the average values of QT interval were slightly and nonsignicantly
longer in the dark part of the day after reoxygenation compared to the light one, while the
opposite tendency was observed in the intact animals and after stabilization. These slight
differences probably do not have any biological significance because they may be a result of
the relatively large variation in dispersion of the refractory periods, what corresponds with
second limitation (Lubbe et al., 1975). Similarly, there are contrary conclusions about the effect
of reoxygenation on the changes of the electrophysiological myocardial properties. Our results
affirm the opinion of some authors about the antiarrhythmogenic effect of reoxygenation
(Perchenet and Kreher, 1995; Bugge et al., 1997). There are papers however, which describe
the serious injury of the heart by the reoxygenation (Griffiths et al., 2000; Mukai et al., 2000).

What is known about the effects of hypoxia on circadian patterns is still quite limited, especially
with respect to the causative mechanistic sequence of the hypoxic effects. It appears that the
most common effect of prolonged hypoxia is to decrease, and in come cases to abolish, the
amplitudes of the daily oscillations, irrespective of the state of arousal or activity level. On the
other hand, the evidence is that hypoxia causes only minimal and transient perturbation of the
period of the rhythm. The fact that hypoxia modifies the circadian oscillations of variables as
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important as body temperature and metabolism leads to the expectation that the daily rhythms
of many other functions are perturbed by hypoxia, according to their link to the primary
variables (Mortola, 2007). This modification can be probably seen also in our experimental
model, where the definite loss of the LD dependence was not demonstrated in followed
parameters of ECG.

4. Chronobiology and autonomic nervous system during apnoic episode
and reoxygenation

Circadian rhythms in autonomic nervous system activity are well known that directly controls
circadian thythm in cardiovascular system and constitute major triggers of cardiac arrhyth‐
mias. Increased sympathetic activity accelerates heart rate, favors spontaneous depolarization,
shortens the ventricular effective refractory period, and decrease the threshold for ventricular
fibrillation. In contrast, increased parasympathetic activity slows heart rate, decreases AV
nodal conduction, and in the presence of baseline sympathetic neural activity, increases both
the ventricular refractory period and the ventricular fibrillation threshold (review of references
in Portaluppi and Hermida, 2007). This direct and clear dependence, described in people and
in larger experimental animals, was not confirmed in rats (Svorc et al., 1994, 1997).

OSA is associated with increased daytime and nocturnal sympathetic activity, what can be the
risk factor of cardiovascular disease. It is associated with a significant worsening in heart-rate
variability, heart rate turbulence and QT dynamicity parameters (Aytemir et al., 2007). Its
mechanism can be explained by the observation that the sympathetic tone increases due to
repetitive apneas accompanied by hypoxias and arousals during sleep. Heart rate variability
representing cardiac autonomic function is mediated by respiratory sinus arrhythmia,
baroreflex-related fluctuation and thermoregulation-related fluctuation. The LF/HF ratio was
higher in the severe OSA syndrome group to that of the moderate group (Park et al., 2008).
Structural changes occur in the airway to obstruct airflow during OSA, and the resulting apnea
activates hypoxic and hypercapnic reflexes, wich in turn lead to profound elevation in
sympathetic nerve activity and cyclical changes in parasympathetic nerve activity. These
autonomic effects are though to contribute to the associated cardiovascular diseases (eg,
hypertension) and frequently observed brady- and tachyarrhythmias (Cutler et al., 2002).
Autonomic abnormalities seen in pacient with OSA include increased resting heart rate,
decreased RR interval variability and increased blood pressure variability (Parish and Somers,
2004). Using heart rate variability analysis, nocturnal sinusal dysfunction contrasted with a
blunted diurnal parasymathetic modulation of the sinus node. Frequent nocturnal nonsus‐
tained supraventricular tachycardias were predominantly found in patients with severe sleep
related breathing disorders; however, an increased risk of ventricular arrhythmias was not
found. (Roche et al., 2003).

Apneic episodes influence the autonomic nervous system activity (Aydin et al., 2004), but little
is know about the effect on circadian variation in this system activities. The circadian rhythm
of the LF, HF and LF/HF ratio differed significantly in the group of patients with mild OSA
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(group 2, apnea index AI > or = 20) compared with group of patients with severe OSA (group
1, apnea index AI < 20) and control group. The mean HF from 04:00h to 12:00h was significantly
lower in group2 than in group1 and the control group, and it correlated significantly with the
lowest nocturnal O2 saturation (r = 0,58). The mean LF/HF ratio during the same period was
significantly higher in group2 than in group1 and the control group, and it correlated signifi‐
cantly with total time of the nocturnal oxygen saturation < 90% (r = 0,64) and the lowest
nocturnal O2 saturation (r = 0,56). These findings suggest that sleep-disordered breathing
associated with severe oxygen desaturation might influence heart rate variability not only
sleep but also during daytime. OSA per se might contribute to altered circadian rhythm in
autonomic activity leading to the development of cardiovascular diseases (Noda et al., 1998)
also in the absence of hypertension, heart failure, or other disease states, and that it is linked
to the severity of OSA (Aydin et al., 2004). These conclusions were supported by Tükek et al.
(2003) in study, where examined the possible effect of diurnal variability of heart rate on the
development of arrhythmias in patients with chronic obstructive pulmonary disease. They
concluded that patients with chronic obstructive pulmonary disease with arrhythmia had
circadian disturbances in heart rate variability such as unchanged night-time parasympathetic
tone and disturbed sympathovagal balance in favour of the sympathetic system all day long,
which may explain the increased frequency of arrhythmia.

The next step in the analysis of the effect of apnoic episode and reoxygenation on the electrical
stability of the heart was assessment of the changes in the activity of the autonomic nervous
system in LD dependence. The HRV was applied to assess these changes. HRV was not
evaluated during apnoic episode because the changes in the duration of the RR intervals
drastically have been extended, resulting in a high dispersion of the values.

The first 5 minutes of recovery pulmonary ventilation has been associated with significant
turbulence in the heart rhythm, especially in the light part of the day (time range of R-R interval
ranged from 0.025 to ms 0,717 ms). In a dark part of the day, so a significant dispersion was
not observed. Although the LD differences were not maintained during the 20-minute
reoxygenation, in the light part has been observed nonsignificant the tendency of the short‐
ening compare to the dark part, where the duration of the RR interval was prolonged. These
results coincide with heart rate changes. Reoxygenation recovered RR interval duration to the
values from intact animals only in the dark (active) part (figure 5).

Significant LD differences in power HF were seen in the intact animals with the higher value
in the light part compared to the dark one. Effect of reoxygenation on the power HF has been
dependent on the LD cycle. Power HF gradually increased and reached a level of intact animals
with the time of the reoxygenation but only in the dark part of the rat regime day. In the light
part of the day, the changes in the power HF were nesignificant and fluctuated randomly,
without any tendency of decrease or increase. Significant LD differences were maintained
throughout the period of reoxygenation, up to the 20th minute, where the elimination of this
difference has been observed. In each interval evaluation of power HF, the value was higher
in the dark compare to light part of the day (figure 6). Reoxygenation did not recover power
HF, but preserved the dominant position of the parasympathetic division in the both lighted
periods.
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Figure 5. Mean ± SD values of the RR interval duration in intact animals (Intact), after tracheotomy, thoracotomy and
5 min. stabilization (Stabil) and after 20 minute of artificial reoxygenation. Empty and black columns refer to light and
dark parts of the day, respectively. The level of significance of differences between the light and dark part of the rat
regime day is indicated by the symbol (*** p < 0,001).
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Figure 6. Mean ± SD values of the power HF in intact animals (Intact), after tracheotomy, thoracotomy and 5 min.
stabilization (Stabil) and after 20 minute of artificial reoxygenation. Empty and black columns refer to light and dark
parts of the day, respectively. The level of significance of differences between the light and dark part of the rat regime
day is indicated by the symbol (** p < 0,01, *** p < 0,001).
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Figure 7. Mean ± SD values of the power LF in intact animals (Intact), after tracheotomy, thoracotomy and 5 min. sta‐
bilization (Stabil) and after 20 minute of artificial reoxygenation. Empty and black columns refer to light and dark
parts of the day, respectively. The level of significance of differences between the light and dark part of the rat regime
day is indicated by the symbol (* p < 0,05, *** p < 0,001).

LF and VLF components of the HRV did not show any regular and predictable changes in the
duration of the experiment. Although significant LD differences was found in intact animals
with longer duration in the light part, changes in these component practically did not depend
on the LD cycle during the recovery of pulmonary ventilation (figure 7 and 8).
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Figure 8. Mean ± SD values of the power VLF in intact animals (Intact), after tracheotomy, thoracotomy and 5 min.
stabilization (Stabil) and after 20 minute of artificial reoxygenation. Empty and black columns refer to light and dark
parts of the day, respectively. The level of significance of differences between the light and dark part of the rat regime
day is indicated by the symbol (*** p < 0,001).

Ketamine/xylazine anaesthesia significantly increases the parasympathetic activity and
decreases sympathetic and baroreceptor activity independently of the cycle of light and dark
alternation. Under ketamine/xylazine anaesthesia, the RR interval duration preserves the
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significant LD differences resulting of the parasympathetic and baroreceptor activities as well
in a dark (active) as well as in the light (inactive) mode on the rat day. Share of RR intervals is
negligible to the sympathetic activity.

Reoxygenation the following immediately after the apnoic episode does not alter the relative
abundance of the individual divissions of the ANS, but it is preserved the dominant para‐
sympathetic activity (figure 9 and 10). During the light part of the day, the activity of the
parasympathetic fluctuates randomly, but in a dark part of the day, we can see an increasing
trend with time the duration of the reoxygenation. This tendency is comparable to the changes
in the heart's electrical stability, which increases with the duration of the reoxygenation.
Baroreceptor activity in the light part of the day fluctuates randomly, but in a dark part of the
growing trend, which is probably associated with the predominant activity of the parasym‐
pathetic. Sympathetic activity during the reoxygenation shows no predictable changes in either
of the lighted parts of the day.
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Figure 9. Relative power of the single components of HRV during the light part of the rat regime day. Black shadow –
power HF, middle shadow – power LF and light shadow – power VLF.

In intact animals, correlation coefficients revealed that durations of RR intervals is influenced
by parasympathetic and baroreceptor activities in both lighted parts of the day. Reoxygenation
eliminated this dependence (table 1). We concluded that proarrythmogenic or antiarrhyth‐
mogenic effect of reoxygenation is probably connected with the changes in the parasympa‐
thetic activity and is dependent on the rat active or passive period in a ketamine/xylazine
anaesthesia.

In ketamine/xylazine-anaesthetized rats, significant LD differences were preserved, in contrast
to pentobarbital-anaesthetized rats (Svorc Jr. et al., 2013). Although the disruptive effect of
ketamine on circadian rhythms has been described by others (Prudian et al., 1997; Pelissier et
al., 1998), this effect was associated with modification of acrophase, amplitude or mesor, but
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without loss of daily rhythmicity. Ketamine/xylazine anaesthesia reduces heart rate in isolated
rat heart preparations (Aronson and Hanno, 1978) and also in in vivo conditions (Salerno and
vanTienhoven, 1976; Sapru and Krieger, 1979; Brown et al., 1994; Hoque et al., 1996; Maignan
et al., 2000). It prolongs RR and QT intervals (Aronson and Hanno, 1978), decreases blood
pressure (Sapru and Krieger, 1979), renal sympathetic activity and attenuates baroreflex
sensitivity in vivo (Akine et al., 2001). On the other hand, Reid et al. (2003), described a
stimulating effect on cardiac function during resuscitation. Unfortunately, in the above-
mentioned studies, the clock time of the experiment was not reported, nor was the synchro‐
nization of animals to an LD regimen described.
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Figure 10. Relative power of the single components of HRV during the dark part of the rat regime day. Black shadow
– power HF, middle shadow – power LF and light shadow – power VLF.

Intact Stabil 20 reoxy

light dark light dark light dark

HF-RR r = 0,48 r = 0,44 r = 0,43 r = 0,37 r = 0,05 r = 0,5

LF-RR r = 0,46 r = 0,45 r = 0,57 r = 0,56 r = - 0,1 r = 0,1

VLF-RR r = 0,19 r = 0,14 r = 0,53 r = 0,19 r = - 0,27 r = - 0,02

Table 1. Correlation coefficients between RR intervals duration and single parameters of HRV in the single
experimental steps.

Results demostrate that ketamine/xylazine anaesthesia preferably increases parasympathetic
activity and suppresses sympathetic and baroreceptor activity, resulting in marked bradycar‐
dia independently of the LD cycle. Presence of LD differences refers to the fact that this type
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of anaesthesia may be applicable in chronobiological studies. However, it may be problematic
for cardiovascular research owing to serious bradycardia.

5. Conclusions

We concluded that the electrical myocardial properties are influenced by the changing cycles
of light and darkness also in ketamine/xylazine anaesthesia.

• heart rate and electrical stability of the heart are significantly reduced by apneic episode
regardless of the lighted period (proarrhythmogenic effect). Electrocardiographic parame‐
ters (PQ and QT interval) prolong with the duration of apneic episode regardless of the LD
cycle. Possible cause of ventricular arrhythmias (ventricular arrhythmias originating from
disorders of the impulse production and conduction or ventricular arrhythmias originating
from an enlarged dispersion of refractory periods) probably depends not only on the
duration of apneic episode, but also on the LD cycle. Short-term asphyxia increases
vulnerability to the arrhythmias originating from disorders of the impulse production and
conduction but does not disturb LD dependence. Long-term apneic episode, connected with
more serious asphyxia continue increases vulnerability to this type of arrhythmias but
independently on the LD cycle. The opposite situation is true of the QT interval.

• recovery of the pulmonary ventilation after apneic episodes can also contribute to heart
rhythm disorders, but this is dependent upon the light (non-active)-dark (active) cycle. In
the dark part of the day, the gradual decrease of the myocardial vulnerability is associated
with the duration of reoxygenation (anti-arrhythmogenic effect) compared with the light
part of the day, where the contrary tendency was observed (pro-arrhythmogenic effect).
Reoxygenation disturbs LD differences in the heart rate as well as in QT interval duration,
but recovers PQ interval duration to the pre-asphyxic values with preservation of the LD
differences observed in intact animals.

• ketamine/xylazine anaesthesia increases parasympathetic activity, inhibits baroreceptor
and sympathetic activity in the same way in both lighted periods. Dominant influence of
parasympathetic autonomic nervous system was preserved during experiment. In these
conditions, the heart is controled by the parasympathetic divission without the influence of
the sympathetic autonomic nervous system.
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