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Abstract

Objective To clarify the effects of forced or voluntary

exercise on autonomic modulation of the cardiovascular

system, we monitored changes in autonomic nervous

activity in a mature rat by spectral analysis of the heart rate

(HR) during a 10-week training period.

Methods Male Wistar rats implanted with a radio-telem-

etry system were divided into three groups at 18 weeks of

age: (1) Control group (n = 8); (2) Voluntary group

(n = 6), which were housed separately in a cage with a

running wheel; (3) Forced group (n = 6), which were

exercised on a treadmill (35 m/min, 15 min/day, 5 days/

week). The electrocardiogram was analyzed by the maxi-

mum entropy method into two main oscillations, low-

frequency (LF) and high-frequency (HF) oscillations,

respectively. LF and HF are considered to be markers of

both sympathetic and parasympathetic modulations and

parasympathetic modulation, respectively.

Results Average running distances of the Voluntary

group were more than twofold higher than those of the

Forced group. HR levels in the Forced group were lower

than those in the Control group. LF and HF levels in the

Control and the Forced groups were almost the same dur-

ing the experiment, and those in the Voluntary group

showed a tendency to decrease.

Conclusion The results in the Voluntary and the Forced

groups suggest that cardiovascular adjustments are not

simply caused by the quantity of exercise. In the Voluntary

group, both sympathetic and parasympathetic activity may

decrease with a predominance of sympathetic activity.

Conversely, in the Forced group, the baroreflex may be

hyper-activated by the undesired treadmill running and

handling stress.

Keywords Autonomic modulation � Exercise �
Heart rate � Rat � Spectral analysis

Introduction

The overall aim of the research presented in this paper is to

prevent chronic fatigue during physical training, especially

in sedentary adults starting on an exercise routine for the

purpose of personal health promotion. Overtraining due to

exercise stress is considered to be one type of chronic

fatigue syndrome, and the amount of research into this

condition is increasing [1, 2]. Israel [3] differentiates

between parasympathetic and sympathetic overtraining,

characterized by inhibition or excitation, respectively.

Sympathetic overtraining seems to affect primarily speed

and power athletes, while parasympathetic overtraining

seems to affect mostly endurance athletes [4]. Lehmann

et al. [5], in agreement with other investigators [6],

reported that changes in blood chemistry are probably not

obligatory in parasympathetic overtraining syndromes.

The electrocardiogram (ECG) is much less noninvasive

than blood sampling, and modern electronic and computer

technology enables the rapid analysis of heart rate vari-

ability (HRV) in a frequency domain (spectral analysis)

that allows the autonomic modulation of the cardiovascular

system to be evaluated [7]. This noninvasive technique has

gained considerable interest of researchers and clinicians in

the field of both cardiology [8] and neurology [9]. It has

since been postulated that the two main oscillations
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observed in the power spectrum, one at a low frequency

and the other at a high frequency, may, respectively, be

markers of the sympathetic and parasympathetic modula-

tion of the cardiovascular system in rats. Low-frequency

power (LF) is considered to be a marker of sympathetic

modulation by some investigators [10, 11] and by others as

a marker of both sympathetic and parasympathetic modu-

lation [7, 12]. High-frequency power (HF) has been

accepted to be a marker of parasympathetic modulation

[13] and the LF to HF ratio (LF/HF) is often considered as

an index of the cardiac sympathovagal balance [14, 15].

To estimate parasympathetic overtraining, researchers

have studied the power spectrum of heart rate (HR) in

freely behaving conscious rats [16]. The study reported

here was designed to characterize cardiac autonomic neu-

ropathy in rats subjected to forced or voluntary exercise

through the analysis of HRV, based on the hypothesis that

the quantitative information provided by this analysis

reflects the interaction between sympathetic and parasym-

pathetic regulatory activity [17]. For this purpose, the ECG

was recorded from conscious and unrestrained sedentary

rats which were not subjected to handling stress through

the use of a radio-telemetry system [18]. The ECG recor-

ded by the telemetry system is able to provide more reli-

able data for the assessment of autonomic nervous activity

than data obtained by a tethering system [17]. To clarify

the effects of forced or voluntary exercise on the autonomic

modulation of the cardiovascular system, we examined

changes in autonomic nervous activity and balance during

the training period using a mature rat as a model of a

sedentary adult [19, 20].

Methods

Experimental animals and protocol

The research protocol was approved by the institutional

committee for animal research. Male Wistar JcI strain

[specific pathogen free (SPF), 9 weeks old] rats were

obtained from Nippon Clea Breeding Laboratories (Tokyo,

Japan). The rats were maintained in the SPF condition

using an isolated room in a barrier area, as previously

reported [16], and kept on a 12/12-h light/dark cycle (the

dark cycle was from 6:00 a.m. to 6:00 p.m.). Each rat was

implanted with a two-lead ECG radio frequency transmitter

(model CA-F40; weight 7.9 g, volume 4.2 cm3; Data Sci-

ences International, Saint Paul, MN) at 15 weeks of age.

After a recovery period of 3 weeks (age 18 weeks), the rats

were divided into the following three groups: (1) control

group (Control, n = 8), housed under the usual breeding

condition for rats kept under sedentary conditions; (2)

voluntary training group (Voluntary, n = 6), housed

separately in a cage with a running wheel (Microtec Niti-

On, Chiba, Japan); (3) forced training group (Forced,

n = 6); housed as the Control group, but forced to exercise

on a treadmill (Suzuya Co, Tokyo, Japan). The Voluntary

group had 24-h access to the running wheel (circumference

1 m, width 10 cm). The daily running distance of the

Voluntary group was measured as rotation counts of the

running wheel. To monitor rotation counts without dis-

turbing the voluntary running, the rotation counts were

converted to electric signals and transmitted by a cable to

another room. To maintain a noiseless environment in the

isolated breeding room, the treadmill exercise (35 m/min,

15 min/day, 5 days/week) was performed also in another

room at almost the same time on each test day in the dark

cycle (around 1:00 p.m.). The duration of the experimental

period was 10 weeks. The rats were given rodent feed (F-2;

Funabashi Farms, Chiba, Japan) and water ad libitum. The

feed weight was measured to calculate feed consumption,

and body weights were measured each week.

ECG recording

The ECG was recorded during the dark cycle in conscious

and unrestrained rats at once-weekly intervals at almost the

same time (hour of the day) on each occasion. The ECG

recording for the Forced group was carried out before the

exercise (treadmill running). Care was taken to keep the

room noiseless during the ECG recording, and the original

ECG signal was received by one set of receiving poles

(RLA3000; Data Sciences International) located on both

sides of each rat cage. The ECG signal was amplified using

a receiver multiplexer (RMX10; Data Sciences Interna-

tional), transmitted to another room by a cable to maintain

the noiseless state of the isolated breeding room, further

amplified, and then subjected to cut-off noise by a recti-

corder (RJG-4122, Nihon Koden, Tokyo, Japan) and an

electroencephalograph (EEG) (EEG1A94; San-ei Co,

Tokyo, Japan). To collect the ECG data for a continuous

15-min interval for each rat without physical movements

and/or positional changes, the ECG was monitored with the

EEG during the recording. The amplified ECG analogue

signals were recorded into a magnetic tape (SIT80; Sony

Magnescale, Tokyo, Japan) by an instrumentation tape

recorder (A-49; Sony Magnescale, Tokyo, Japan) [16].

Power spectral analysis of HRV

R wave-to-R wave (RR) intervals in the ECG analogue

signals recorded with the tape recorder were analyzed at

high resolution [21] by the maximum entropy method

(MEM) [22] using special software (Tarawa Mouse & Rat;

Suwa Trust, Tokyo, Japan) in consecutive periods of 10 s

for 15 min [16]. An accurate estimation of the power
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spectral analysis is possible even with a small number of

samples, producing a signal which is supposed to maintain

stationary [23]. In this study, 1 min of the lowest HR region

of the ECG recorded without physical movements was

selected as the stationary part for the power spectral anal-

ysis. HRV is represented as an entropy (ETY) in the fre-

quency domain. ETY is calculated by continuous eight

pulses of R waves and expressed as the percentage ratio set

at constant RR (0%); most random variation of RR is 100%.

Most researchers agree that there are two major compo-

nents, i.e., LF and HF, in the power spectra; however, there

is as yet no constant definition of the frequency of LF and

HF in rats. In this study, rat LF and HF components were

defined as 0.20–0.80 and 0.8–3.5 Hz, respectively [16]. The

HRV components, LF and HF, were log-transformed to

normalize their distribution for the statistical tests [24], and

the LF/HF ratio was calculated as an index of sympathetic

and parasympathetic activity balance [14–16].

Statistics

Two-factor analysis of variance (ANOVA) was employed

to establish the effect of the experimental manipulation

(factor group), the experimental period (factor week), as

well as the interaction effects between factors, on the

measured items using StatView software (SAS Institute,

Cary, NC). The statistical significance of the differences

among the data obtained on each weekly examination was

determined by one-factor ANOVA. The statistical signifi-

cant changes in the data obtained in each group during

the experiment were determined by repeated-measures

ANOVA. Where a main effect was observed, post hoc test

using Dunnett’s t was performed for multiple comparisons.

Correlation analysis was carried out to examine the rela-

tions among indices of the power spectral analysis of HRV

in each group during the experiment.

Results

Changes in body weight, feed consumption,

and running distance

Increases in body weight were suppressed by the implan-

tation surgery at age 15 weeks; however, body weight did

increase after the 3-week recovery period. As shown in

Fig. 1, 3 weeks following the beginning of the experiment,

the mean body weight in the Voluntary group was slightly

lower than that in the Control group, and that in the Forced

group was lower than that in the Voluntary group. Two-

factor ANOVA revealed that this difference in body weight

among the groups at 3 weeks was not significant, although

the difference between body weight during the experiment

was significant (p \ 0.05). There was no significant dif-

ference in mean body weight among the groups, and no

significant change during the experiment within each group

(Fig. 1).

Changes in the feed consumption are shown in Fig. 2.

Compared to the mean level of feed consumption in the

Control group at experimental week 2, mean feed con-

sumption was higher in the Voluntary group and lower in

the Forced group. Two-factor ANOVA revealed a signifi-

cant difference in the feed consumption among the groups

(p \ 0.001) without any significant difference during the

experimental period. The Forced group consumed signifi-

cantly (p \ 0.05) small amounts of feed than the Control

group at Week 3 when the mean body weight in the Forced

group showed a tendency to decrease (Fig. 1). The Vol-

untary group showed a significant increase in mean feed

consumption between week 1 and week 3 and between
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Fig. 1 Changes in body weight during the experiment. Vertical axis
Body weight (g). Symbols Mean values of the experimental groups:

open circles Control group (n = 8), filled circles Voluntary group

(n = 6), open triangles Forced group (n = 6). Vertical bars Standard

error (SE). See section Experimental animals and protocol for
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Fig. 2 Changes in feed consumption during the experiment. Vertical
axis Weight of consumed feed (g). Asterisk Statistical difference

(p \ 0.05) between the Control group and other groups at the same

time-point, as revealed by analysis of variance (ANOVA). b denotes

statistical difference (p \ 0.05) in feed consumption in the Voluntary

group between week 1 and corresponding weeks as revealed by

repeated-measures ANOVA, c, cc statistical differences (p \ 0.05

and p \ 0.01, respectively) in feed consumption in the Forced group

between week 1 and corresponding weeks as revealed by repeated-

measures ANOVA. Symbols and vertical bars are the same as for

Fig. 1
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week 1 and week 6 (p \ 0.05 for both). In contrast, the

Forced group showed decreased feed consumption between

week 1 and weeks 3, 4, 5, 6, and 10 (Fig. 2).

The running distance of the Forced group was kept as

525 m/day (35 m/min, 15 min/day, 5 days/week) during

the experiment. As shown in Fig. 3, the Voluntary group

run almost the same distance as the Forced group during

week 1 (524 m/day), but significant increases in the mean

running distance were observed between week 1 and week

5 up to week 8 (p \ 0.05 for all). The Voluntary group run

an average around 800 m/day/week during the experiment.

Changes in the mean levels of HR and ETY

Changes in the mean HR level are shown in Fig. 4. Com-

pared to the Control group, the mean HR level was higher in

the Voluntary group and lower in the Forced group. Two-

factor ANOVA revealed a significant difference in the HR

level among the groups (p \ 0.001), with a significant

difference during the experimental period (p \ 0.01).

A significant difference in HR level was observed between

the Control and Forced groups at week 1 (p \ 0.05) and

between the Control and the Voluntary groups at weeks 7

and 9 (p \ 0.05 and p \ 0.001, respectively) (Fig. 4). The

mean HR level in the Control group significantly decreased

between week 0 and week 5 (p \ 0.05). Compared to week

0, the Forced group showed decreased levels of HR during

weeks 5, 9, and 10 (p \ 0.05 for all) (Fig. 4).

Contrary to the changes in the HR, there was no constant

trend with respect to changes in the ETY level (Fig. 5). In

the Voluntary group, mean levels of ETY showed a ten-

dency to decrease after week 6; however, no significant

difference among the groups and during the experimental

period was observed by two-factor ANOVA. Repeated-

measures ANOVA revealed a significant difference in the

mean level of ETY between week 0 and week 6 (p \ 0.05)

in the Voluntary group.

Changes in indices of power spectral analysis of HRV

The LF levels in the Control and Forced groups remained

almost at the same levels during the experimental period

and those in the Voluntary group showed a tendency to

decrease after week 4 (Fig. 6). No significant difference

among the groups and during the experimental period was

revealed by two-factor ANOVA. A significant difference in

the mean LF was observed between week 0 and week 10

(p \ 0.05) in the Voluntary group by repeated-measures

ANOVA.

Changes in mean levels of HF are shown Fig. 7. The

changes of HF were similar to those of LF but mean levels

in the Voluntary group showed apparent decreased ten-

dency than the changes of LF (Fig. 6). Two-factor

ANOVA revealed significant difference in mean levels of

HF among the groups (p \ 0.01) without significant dif-

ference during the experimental period. Mean level of HF
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at week 0 was significantly deceased at week 5, week 6,

and week 10 (p \ 0.05 for all) in the Voluntary group

revealed by the repeated measures.

As shown in Fig. 8, the mean level of LF/HF seemed to

fluctuate differently in each group. However, two-factor

ANOVA revealed no significant difference in the mean LF/

HF among the groups, although there was a significant

difference during the experimental period (p \ 0.05).

There was no significant difference in the mean LF/HF

among the groups and no significant change during the

experiment in each group (Fig. 8).

Correlations among HR, ETY, and indices of power

spectral analysis of HRV

The correlation coefficients and statistical significances are

summarized in Table 1. There was no significant correla-

tion between HR and ETY, between HR and LF/HF, and

between ETY and LF/HF in all groups. To the contrary,

significant positive correlations were observed between

ETY and HF and between LF and HF in all groups. In the

Control group, HR significantly positively correlated to LF

and HF (p \ 0.05 for both), and a significant negative

correlation was observed between HF and LF/HF. Signif-

icant positive correlations were observed between ETY and

LF in the Voluntary and Forced groups (p \ 0.01 and

p \ 0.05, respectively). In the Voluntary group, LF sig-

nificantly positively correlated to LF/HF (p \ 0.05).

Discussion

In this study, running distances were different between the

Forced and Voluntary groups due to the intrinsic difficulty

in the experimental set-up of regulating the voluntary run-

ning [25, 26]. As shown in Fig. 3, although the running

distance of the Voluntary group was almost same that of the

Forced group at the week 1 time-point, it showed a tendency

to increase from week 2 onwards in the Voluntary group. It

was expected that the running distance would settle down to

the level of week 1 with practice; consequently, the tread-

mill running time in the Forced group was not able to

increase as rapidly in accordance with the running distance

of the Voluntary group for the prevention of stragglers in

the Forced group [20]. The mean running distance of the

Voluntary group was almost twofold that of the Forced

group on any one day per week. The absence of a tendency

for the Voluntary group to increase body weight (Fig. 1)

suggests that the increase in energy expenditure through the

voluntary running is compensated by increased feed con-

sumption (Fig. 2). It has been reported that voluntary wheel

running does not modify body weight gain and increased

total caloric intake [27]. The tendency for body weights to

decrease in the Forced group may be caused by decreased

feed consumption. These results are in accordance with

those of our previous study [20]. It has also been reported

that rats exercising on a treadmill eat less food than resting

animals [28] and that body weight losses that could be

accounted for entirely by a reduction in feed intake [29].
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It has been reported that when working with conscious

unrestrained animals, the limiting factor in the selection of

the data to be analyzed was that the animal be quiet [23]. In

previous studies, stationary sets of data of the appropriate

time span have often been selected for analysis without any

clear definition [30, 31]. In this study, for a fair and

impartial selection of stationary datasets, 1 min of the

lowest HR region was analyzed by high-resolution MEM in

consecutive periods of 10 s [21, 22]. It is well known that

endurance training induces bradycardia and a reduction in

the resting HR. Many investigators have examined the

sympathetic and parasympathetic effects on the heart to

explain the bradycardia resulting from training. Barore-

ceptor signaling has been reported to play a decisive role in

driving treadmill running-induced cardiovascular adjust-

ments using rats with a chronic absence of baroreceptor

inputted by sino-aortic denervation [32]. However,

according to the results of this study, average running

distances of the Voluntary group were more than twofold

higher than those of the Forced group without any observed

reduction in the HR (Fig. 4). These results suggest that

cardiovascular adjustments are not simply caused by

exercise quantity alone. Body weight, HR, and systolic and

diastolic blood pressure have all been found to decrease in

response to dietary restriction in male Sprague–Dawley

rats [33]. The beat-to-beat interval of HR has also been

reported to be significantly reduced by elevated plasma

nonesterified fatty acids levels [34]. Both treadmill and

voluntary wheel running exercise has been found to

decrease the plasma concentrations of free fatty acids in

diabetic rats [35] and Wistar/ST rats [36]. Consequently, it

is possible that the reduced feed consumption and

decreased level of plasma free fatty acids due to the

exercise regimen contributed to the observed reduction in

HR in the Forced group.

The absence of a significant correlation between HR and

ETY in all groups (Table 1) suggests that HR is indepen-

dent of ETY representing HRV. Increased levels of ETY

mean that the HRV varied more randomly and give an

impression that the power spectra are increased; however,

theoretically, ETY is independent of components of the

power spectra [22]. In this study, significant positive cor-

relations were observed between ETY and components of

the power spectra—with the exception of LF in the Control

group (Table 1). The ETY levels showed no constant trend

in changes and no significant difference among the groups

(Fig. 5). These results suggest that the observed positive

correlations are caused by time-course effects of exagger-

ated cardiovascular responses to exercise, both the volun-

tary and forced exercise, on ETY and components of the

power spectra.

The LF components of HRV in rats are reduced by

cardiac parasympathetic or sympathetic blockade [14, 17],

and whereas sympathetic blockade has no significant effect

on the HF components [17], cardiac parasympathetic

blockade abolishes the HF components [37]. According to

these studies, LF in rats can therefore be considered to be a

marker of both sympathetic and parasympathetic modula-

tions and HF as a marker of parasympathetic modulation.

In this study, no significant difference among the groups

and during the experimental period in mean LF was

revealed by two-factor ANOVA. To the contrary, mean

levels of HF in the Voluntary group showed a tendency to

decrease after week 4 (Fig. 7), when a significant

Table 1 Correlations among

heart rate, entropy, and indices

of the power spectral analysis of

heart rate variability

*p \ 0.05, **p \ 0.01,

***p \ 0.001

ETY Entropy, HR heart rate,

LF low-frequency oscillation,

HF high-frequency oscillation

LF and HF were log-

transformed to normalize their

distribution for statistical tests

Variables/experimental group ETY LF HF LF/HF

HR

Control 0.534 0.675* 0.628* -0.294

Voluntary 0.223 0.333 0.285 0.098

Forced 0.540 0.173 -0.200 0.571

ETY

Control – 0.563 0.776** -0.574

Voluntary – 0.767** 0.882*** 0.252

Forced – 0.645* 0.588* 0.144

LF

Control – – 0.670* -0.075

Voluntary – – 0.911*** 0.697*

Forced – – 0.772** 0.314

HF

Control – – – -0.784**

Voluntary – – – 0.367

Forced – – – -0.335
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difference among the groups was observed. According to

these results, cardiac parasympathetic modulation is sup-

pressed in the Voluntary group. However, there is no sig-

nificant difference among the groups in mean levels of

LF/HF (Fig. 8) which is the convenient index of cardiac

sympathovagal balance [14–16].

In this study, ECG was recorded during the dark cycle

when rats were expected to be awake and active. It has been

reported that, in rats, LF and HF in the dark cycle are lower

than those in the light cycle and that LF/HF in the dark cycle

is significantly higher than that in the light cycle [38]. The

lower HF levels observed in the Voluntary group suggest

that the Voluntary group is awake longer and more active

than other groups in the dark cycle. There is another

interpretation for the lower HF levels. It has been shown

that HF is dependent on respiratory rate [37]. The Voluntary

group was housed separately in a cage with a running wheel.

Respiratory rate was not measured in this study; however,

compared to animals housed in pairs, isolated rats have been

shown to have a similar HR and to breathe faster [39]. The

relative role of parasympathetic, sympathetic, and ventila-

tory influences on HRV is controversial [40]. In rats, mild

stress-elicited increases in HR have been associated with

spectral modifications reflecting sympathetic hyperactivity,

i.e., an increase in LF and a decrease in HF [41]. In one

study, a significant increase in LF was observed by tread-

mill exercise in a dog [42], and in another study the LF/HF

ratio was augmented whenever the sympathovagal balance

was shifted toward sympathetic predominance with mild

physical exercise or mental stress [11]. In this study, ECG

was measured before the treadmill exercise, which was

assumed to the reasons for there being no significant dif-

ference in the mean LF and LF/HF ratio among the groups.

It also has been suggested that vagal activation is

independent of sympathetic activation [43]. LF and HF

cannot be interpreted as a reciprocal or ‘push–pull’ rela-

tionship between sympathetic and parasympathetic control

[44]. Significant positive correlations were observed

between LF and HF in all groups (Table 1), suggesting that

the relationship between LF and HF is not a simple reci-

procal relationship and that changes of the LF and HF

levels occur simultaneously in the time-course of the

experiment. In the Voluntary group, the HF levels signifi-

cantly decreased, but the HR and LF/HF remained at

almost Control group levels, indicating that both sympa-

thetic and parasympathetic activity decreased, sympathetic

activity predominating. To the contrary, bradycardia was

observed in the Forced group without any significant dif-

ference in the power spectral analysis, indicating that both

sympathetic and parasympathetic activity increased, with

parasympathetic activity predominating. Although the

mean running distance in the Forced group was almost half

that in the Voluntary group, the Forced group is thought to

be in the overtraining situation due to the forced training

and handling stress [18]. The baroreflex in the Forced

group may be hyper-activated to adapt to an acute increase

of blood pressure caused by the undesired treadmill run-

ning. Inhibitory vagal effects on food intake have been

demonstrated using vagotomized rats [45]; therefore,

decreased levels of feed intake in the Forced group may be

caused by increased levels of parasympathetic activity.

More detailed studies with an increased number of

animals are needed to clarify the effects of exercise on the

autonomic modulation of the cardiovascular system. It is

difficult to extrapolate the present findings in rats to

humans because of the marked differences in the physio-

logical characteristics between rodents and humans.

However, the results obtained in this study suggest that the

exercise for health promotion should be performed volun-

tarily to prevent chronic fatigue.
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