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Summary

The aim of the study was to evaluate short-term heart rate
variability (HRV) as an index of cardiac autonomic control in rats
with lipopolysaccharide (LPS)-induced endotoxemia. Animals
were injected intraperitoneally with LPS (100 pg/kg b.w.) and
control group with an equivalent volume of saline. ECG
recordings were done before (base) and 60, 120, 180, 240 and
300 min after LPS or saline administration. HRV magnitude was
quantified by time and frequency-domain analysis (mean RR
interval, SDRR, RMSSD, spectral powers in low (LF) and high
frequency (HF) bands. Heart tissue homogenates and plasma
were analyzed to determine interleukin 6 (IL-6), tumor necrosis
factor alpha (TNF-a) and oxidative stress level (TBARS).
Administration of lipopolysaccharide was followed by continuous
rise in colonic body temperature compared to saline-treated
controls. Endotoxemia in rats was accompanied by significant
decrease in HRV spectral activity in high-frequency range at
maximal body temperature (logHFpower: 1.2+0.5 vs. 1.9+
0.6 ms?, P<0.01). Increased IL-6 was found in heart tissue
homogenates of LPS rats (8.0+0.6 vs. 26.4+4.8 pg/ml, (P<0.05).
reduced HRV in HF band may indicate
LPS-induced

In conclusions,

a decreased parasympathetic ~ activity in
endotoxemia as basic characteristics of altered cardiac control

during response to endotoxemia.
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Introduction

Heart rate variability (HRV), ”beat-to-beat™
oscillations of the heart rate around its mean value,
represents  physiological phenomenon determined
predominantly by the autonomic nervous system (ANS)
control. Therefore, the measurement of the HRV is a non-
invasive technique that can be used to investigate the
dynamic balance between sympathetic and vagal activity.
It has been proven to be very useful in humans for
research and clinical studies regarding the cardiovascular
diseases, somatic and psychiatric disorders (Borell ef al.
2007, Javorka et al. 2008, Tonhajzerova et al. 2012).
Measurement of HRV has also been used in animal
models to analyze changes in the ANS (Matthew et al.
2004, Mokra et al. 2008, Fairchild et al. 2009).

HRV is

methods — time and frequency (spectral) domain

traditionally quantified by linear
analyses, which provide information about quantitative
characteristic of the heart rate oscillations — the HRV
magnitude. The time domain analysis is based on the
normal-to-normal (NN) interval, or the time difference
between successive QRS complexes (RR interval). In
contrast, the spectral analysis allows to isolate the faster
high frequency respiratory-linked oscillations (HF-HRV)
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from slower oscillations around 0.1 Hz (LF-HRV) (Malik
et al. 1996). In humans, the high-frequency cardiac
rhythms are mediated primarily by vagal innervation of
the sinoatrial node reflecting the respiratory sinus
arrhythmia (RSA), a
characterized by the heart rate increase during inspiration

physiological ~phenomenon
and decrease during expiration (Akselrod et al. 1981). In
contrast, the physiological mechanism contributing to the
LF-HRYV is still discussed; it could reflect baroreflex-
mediated changes (Goldstein et al. 2011). In animal
studies, it is necessary to adjust the specific frequency
ranges of HRV spectral bands for different animal
species. It was shown that the analysis of HRV is a
sensitive method to study ANS activity in animals and to
detect discrete changes in sympathetic-vagal balance,
particularly in vagal function (Mokra ef al. 2008, 2013).
The autonomic nervous system and the
inflammatory response are intimately linked (Kox et al.
2011). The acute response to endotoxemia includes
activation of innate immune mechanisms as well as
changes in autonomic nervous activity (Tracey 2002).
Sympathetic and vagal nerves are thought to have anti-
inflammation functions (Rosas-Ballina et al. 2008, Straub
et al. 2008). HRV assessment has been suggested to
provide insights into the acute effect of sympathetic and
cholinergic anti-inflammatory pathways. Recently,
several studies have demonstrated that central nervous
system can decrease

cytokine  production via

parasympathetic activity (Mioni et al. 2005, van
Westerloo et al. 2006).

The objective of the study was to evaluate HRV
parameters as the markers of autonomic control during
LPS-induced endotoxemia and to investigate association
between proinflammatory markers and acute-phase

proteins and autonomic nervous system activity.

Methods

Animals

The experiments were performed on 28 adult
male rats (Wistar) with a mean body mass of 347+6 g
(mean = SEM).

Material

Lipopolysaccharide (LPS): purified lyophilized
phenol extract of Escherichia coli (026:B6, Sigma) was
dissolved in sterile saline and frozen in aliquots. Before
use, the LPS was diluted in sterile saline and injected
intraperitoneally.

Design of the study

The study was performed with accordance to EU
Directive 2010/63/EU for animal experiments and
approved by the Local Ethics Commitee of the Jessenius
Faculty of Medicine, Comenius University in Martin. The
model is described elsewhere (Zila et al. 2012). Briefly,
the animals were anesthetized with a mixture of
600 mg.kg ' urethane and 60 mgkg ' a-chloralose
intraperitoneally. They were tracheotomized and breathed
spontaneously through a tracheal tube. The airflow was
through  the  Fleisch head of a

pneumotachograph connected to the tracheal tube and

recorded

tidal volume (Vt) was obtained by electronic integration
of the airflow signal (ADInstruments Pty Ltd.). The
polyethylene catheter inserted into the femoral artery was
used for arterial blood pressure monitoring and blood
samples withdrawal. Blood gases (PaO,, PaCO,) and pH
analysis was performed using a blood gas analyzer
(Rapidlab; Bayer Diagnostics, Germany) and values were
corrected for actual body temperature. Colonic body
temperature (T.) was continuously measured with
thermocouple (MiniLogger) inserted 4-5 cm into the

anus.
Experimental protocol

The animals were randomly divided into two
groups. Animals of LPS group (n=13) received

intraperitoneally LPS (100 pgkg™") and control group
(n=15) received an equivalent volume of sterile saline.
All recordings were done before (base) and 60, 120, 180,
240 and 300 min after LPS or saline administration.

ECG was
subcutaneous electrodes. Signal of R-R intervals was

recorded by means of needle
transferred to the computer through VarCorPF (Sima
Media, Czech Republic). The 300 R-R intervals segments
were analyzed between the first and fifth minutes of each
recording interval (base, 60, 120, 180, 240 and 300 min
after LPS or saline administration).

Data analysis

Time domain analysis

We evaluated the mean R-R interval (ms),
SDNN - the standard deviation of R-R intervals (ms) as a
marker of the overall magnitude of HRV and RMSSD
(the root-mean-square successive beat-to-beat differences
in ms) reflecting the average magnitude of changes
between two consecutive beats and regarded as a marker
of vagal heart rate control.



2015

S671

Heart Rate Variability and LPS-Induced Endotoxemia in Rats

Frequency domain analysis

Before analysis, the slower oscillations were
eliminated using the detrending procedure of Tarvainen et
al. (2002) and time series were resampled to obtain
equidistant time series using cubic spline interpolation.
Subsequently, mean power spectra were computed by fast
Fourier transform (window length of 256 samples).

The spectral powers were quantified in two
frequency bands: low frequency band (LF: 0.2-0.8 Hz)
which is determined by both the sympathetic and
parasympathetic activity. High frequency band (>0.8 Hz)
reflecting mainly respiratory sinus arrhythmia as an index
of cardiac vagal control.

Assays

Concentration of thiobarbituric-acid reactive
substances (TBARS) in the plasma at the end of
experiment was determined from the absorbance at
532 nm and expressed in nmol/mg protein.

Investigation of IL-6 and aldosterone were
carried out in plasma and heart tissue homogenates by
ELISA kits (BlueGene Biotech,
Shanghai, China). The levels of TNF-a were determined

commercial Rat

in plasma by commercially available ELISA kits (Cloud-
Clone Corp., Houston, USA).

For plasma determination, blood sample was
collected at the end of experiment with heparin as
anticoagulant and centrifuged for 15 min at 1000 g/4 °C;
plasma had been removed and stored at —80 °C.

For homogenate determination, heart tissue had
been cut to small pieces and homogenized in ice-cold

39

PBS (0.02 mol/l, pH 7.2) to form 10 % homogenates.

According to manufacturer’s instructions, resulting
suspension was subjected to two freeze-thaw cycles and
1500 g.

immediately centrifuged for 15 min at

Supernatant was removed and stored at —80 °C.

Statistical analysis

The statistical software package SYSTAT 6.0.1
(SPSS Inc., 1996) was used for data analysis. Because
absolute values of linear HRV analysis indices differ
greatly among individuals, the frequency-domain HRV
parameters were logarithmically transformed for
statistical testing. Data were tested for normality of
distribution using Kolmogorov-Smirnov test. Due to non-
Gaussian distribution of analyzed data (despite of log-
transformation of spectral measures) we used non-
parametric tests for statistical analysis. Between-group
differences were analyzed using Mann-Whitney test, and
Wilcoxon test was used for testing of within-group
differences — baseline vs. other analyzed intervals. Data
are expressed as means + SEM, differences are

considered significant at P<0.05.
Results

Administration of lipopolysaccharide was
accompanied by continuous rise in colonic body
temperature compared to saline-treated controls. The
intraperitoneal injection of 100 pgkg' induced
monophasic thermogenic reaction in all animals with

peak registered 300 min after LPS administration (Fig. 1).
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Fig. 2. Mean duration of R-R
intervals before saline/LPS admini-
stration (base) and 60 (T1), 120
(T2), 180 (T3), 240 (T4) and 300
(T5) after saline/LPS administration.
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Fig 3. SDRR, RMSSD, logLFpower and logHFpower before saline/LPS administration (base) and 60, 120, 180, 240 and 300 min — T1,

T2, T3, T4, T5 after saline/LPS administration. * P<0.05.

Cardiovascular parameters
LPS-induced
a significant continuous

endotoxemia in rats elicited

increase in the heart rate
demonstrated by shortening of R-R intervals (Fig. 2).
InLPS group, heart rate accelerated from initial
306 beats/min up to 385 beats/min at 300 min after LPS

administration (P<0.05). Between-groups, differences

(LPS vs. saline) were found during all analyzed intervals
after administration of LPS/saline (T1-T5).

Variables of HRV: SDRR did not exhibit any
significant change during development of endotoxemia,
neither in comparison with saline controls. No significant
differences were found in RMSSD and logLFpower in
LPS group compared to controls. The linear HRV
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analysis revealed significantly reduced spectral power in
HF band of animals with
logHFpower was decreased at the maximum temperature
of 38.5°C at 300 min after endotoxin injection (LPS
group: 1.2+0.5 vs. 1.9£0.6 in controls, * P<0.05) (Fig. 3).

endotoxemia, namely

Respiratory parameters, blood gases and pH

The initial values of respiratory parameters did
not differ between the groups. In controls Vr before and
after experiment was unchanged (1.8+0.2 ml vs. 1.7+
0.2 ml; P>0.05) as was the respiratory rate (102+12 breaths
per minute; bpm vs. 110+13 bpm; P>0.05). In LPS group,
minute ventilation progressively increased with elevation
of body temperature (Table 1) as a result of significant
increase in respiratory rate from baseline 100+12 bpm to
238+18 bpm (P<0.01) at 300 min after LPS administration.
Tidal volume in LPS animals was reduced to 1.3+0.3 ml
(at TS) in comparison with baseline value (1.9+0.3 ml,
P<0.05). No significant differences were present in
absolute values of PaO,, PaCO, and pH between LPS and
control groups or in values compared to baseline. At
300 min after LPS administration PaCO, tended to
decrease but the drop was not significant (data not shown).

Table 1. Minute ventilation (ml/min) in animals before saline/LPS
administration (base) and 60, 120, 180, 240 and 300 min — T1,
T2, T3, T4, T5 after saline/LPS administration.

Saline LPS
Base 184+ 11 189 + 12
Tl 183+9 222 £ 21%
12 185+ 13 251 £ 25%%*
T3 190+ 16 318 £ 24%*
T4 187+ 14 322 +£22%*
T5 187+ 12 309 £ 19**

For between-group comparisons: saline vs. LPS: * P<0.05,
** P<0.01

Table 2. Biochemical parameters at the end of experiment —
300 min after saline/LPS administration.

Saline LPS
TBARS (nmol/mg) 6.6+1.38 13.4+2.2%
Aldosterone 446.5 + 1079.8 £
(pg/ml) 118.3 112.8**
TNF-o (pg/ml) 8.49+0.53 8.52+0.50
1L-6 (pg/ml) 8.0+ 0.6 26.4 + 4 8%

Biochemical markers and cytokine assays

In the LPS group, higher level of TBARS in
plasma, compared to the controls (P<0.05), demonstrated
oxidation process at the systemic level (Table 2).

Aldosterone concentration was increased in LPS
animals. Similarly, increased IL-6 was found in heart
tissue homogenates of LPS rats (Table 2). No significant
differences were found in TNF-a plasma levels between
control and LPS rats.

Discussion

Systemic administration of lipopolysaccharide
causes a well-characterized pathophysiological response
including tachycardia and fever, but effects of endotoxin
on HRV are not well described. According to some
clinical studies, HRV analysis might have an important
role in continuous monitoring strategies that could allow
early diagnosis of severe infection (Moorman et al. 2006,
Griffin et al. 2007, Fairchild et al. 2009).

In our study, there were differences in spectral
analysis of HRV between rats with and without
endotoxemia. Reduced HF power during endotoxemia
could indicate a decrease in vagal tone, and it is
consistent with other studies (Crandall et al. 2000,
Matthew et al. 2004).
endotoxemia was accompanied by significant change in

Response to LPS-induced

breathing pattern resulting in gradual rise in ventilation
mainly through enhanced respiratory rate and a drop in
tidal volume. It is well known that breathing pattern has
strong effect on low-frequency as well as respiratory
frequency R-R interval power spectra in human (Brown
et al. 1993) and this appears to be a possible explanation
of reduced spectral power in HF band in our animal
experiments. However, increased ventilation has been
found even 120 min after LPS administration, although
decrease in HF power was observed only five hours of
endotoxemia. Thus, we might speculate about other
mechanisms attributing to observed drop in vagal activity
in rats with endotoxemia.

The autonomic nervous system and the
inflammatory response are very closely related (Kox et
al. 2011). Systemic inflammation is characterized by the
endocrine release of different cytokines: tumor necrosis
factor, IL-1, IL-4, IL-6, IL-10 and many others (Koj
1996, Sporn 1997). They may induce activation of
immunomodulatory responses mediated by both divisions
of the autonomic nervous system (Haensel et al. 2008,
Rosas-Ballina et al. 2008, Straub et al. 2008). Recently, it
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has been shown that the central nervous system can
decrease cytokine production via parasympathetic activity
and as a result of these findings, connection between
vagus nerve and immune system has been named the
cholinergic anti-inflammatory pathway (Borovikova ef al.
2000, Tracey 2002, van Westerloo et al. 2006). The
vagus nerve cholinergic signaling interacts with immune
cells and inhibits TNF-a, IL-1, IL-6 production (Wang
2004). Our results partly confirm previously reported
inverse correlation between HRV indices and various
2007,
Tonhajzerova ef al. 2013). TNF-a plasma levels did not

biomarkers of inflammation (Tateishi et al.

exhibit significant change between controls and LPS
animals 5 h after endotoxin administration. Fairchild et
al. (2009) report peak expression of TNF-a 1 h post-LPS
and its successive drop resulting to non-significant
difference 6 h after endotoxin administration. Authors
also provide an evidence supporting linking IL-6
(peaking 3 h post-LPS) to HRV depression. In our study,
IL-6 was increased 300 min after LPS administration and
HRYV exhibited reduced power in HF band. That is partly
with of Tateishi (2007) who

demonstrated negative correlations with both LF and HF

consistent study

power values indicating a possible association between
On the
contrary, in another study Papaioannou et al. (2009) did

low HRV indices and hyper-cytokinemia.

not observe any correlation between IL-6 and HRV
parameters. It suggests pleuripotency of this cytokine
possessing both pro-inflammatory and anti-inflammatory
features at the same time. Kox et al. (2011) also reported
no HRV-cytokines association and moreover, according
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