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Swimming training increases cardiac
vagal activity and induces cardiac
hypertrophy in rats
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Abstract

The effect of swimming training (ST) on vagal and sympathetic
cardiac effects was investigated in sedentary (S, N = 12) and trained
(T, N = 12)  male Wistar rats (200-220 g). ST consisted of 60-min
swimming sessions 5 days/week for 8 weeks, with a 5% body weight
load attached to the tail. The effect of the autonomic nervous system in
generating training-induced resting bradycardia (RB) was examined
indirectly after cardiac muscarinic and adrenergic receptor blockade.
Cardiac hypertrophy was evaluated by cardiac weight and myocyte
morphometry. Plasma catecholamine concentrations and citrate syn-
thase activity in soleus muscle were also determined in both groups.
Resting heart rate was significantly reduced in T rats (355 ± 16 vs 330
± 20 bpm). RB was associated with a significantly increased cardiac
vagal effect in T rats (103 ± 25 vs 158 ± 40 bpm), since the sympathetic
cardiac effect and intrinsic heart rate were similar for the two groups.
Likewise, no significant difference was observed for plasma catechol-
amine concentrations between S and T rats. In T rats, left ventricle
weight (13%) and myocyte dimension (21%) were significantly in-
creased, suggesting cardiac hypertrophy. Skeletal muscle citrate syn-
thase activity was significantly increased by 52% in T rats, indicating
endurance conditioning. These data suggest that RB induced by ST is
mainly mediated parasympathetically and differs from other training
modes, like running, that seems to mainly decrease intrinsic heart rate
in rats. The increased cardiac vagal activity associated with ST is of
clinical relevance, since both are related to increased life expectancy
and prevention of cardiac events.
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Introduction

Exercise training has been associated with
several metabolic, cardiovascular and neu-
rovegetative benefits. Resting bradycardia
has been considered to be the hallmark car-
diovascular effect of exercise-training adap-
tation in both animals (1,2) and humans (3).

Moreover, training-induced bradycardia seems
to be associated with lower myocardial oxygen
uptake (4) and increased stroke volume (5).

Evidence of decreased cardiac catechol-
amine concentrations (6) and cardiac sympa-
thetic tonus (7) in exercise-trained animals
suggest a sympathetic-dependent mechan-
ism for resting bradycardia. Other studies
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investigating the sympatho-vagal balance by
spectral analysis have shown increased car-
diac vagal tone in exercise-trained humans
(8). Alternatively, reduction in intrinsic heart
rate (IHR) in exercise-trained rats (9) and
exercise-trained humans (10), and more re-
cently longer atrio-ventricular conduction
time (11) have led some investigators to
attribute resting bradycardia to intrinsic car-
diac alteration. These contrasting results
might be due to the methodology used to
analyze the cardiac autonomic balance, the
species studied, and probably to the different
training regimens and modes applied.

Cardiac autonomic balance after running
training has been extensively studied (5,9,12).
In contrast, little is known about swimming
as a training mode. Swimming is well recog-
nized for its effectiveness in inducing myo-
cardial hypertrophy (2,13) and left ventricu-
lar (LV) end-diastolic volume increase in
rats (14). In addition, swimming seems to
produce a greater resting bradycardia than
running (15). However, the mechanisms in-
volved in swimming-training bradycardia are
not completely understood. Therefore, the
purpose of the present investigation was to
study the vagal and sympathetic control of
heart rate (HR) in swimming-trained rats.
We report here that swimming increased the
cardiac vagal effect in rats, but caused no
change in either cardiac sympathetic effect
or plasma catecholamine concentration.
These rats also presented cardiac hypertro-
phy. These results support the view of the
specificity of cardiac adaptation to endur-
ance training, and strongly suggest that swim-
ming-training bradycardia in rats resulted
from an increased cardiac vagal effect.

Material and Methods

Animals care and swimming-training
protocol

Twenty-four normotensive male Wistar
rats (200 to 220 g) were housed 3-5 per cage

in a temperature-controlled room (22ºC) with
a 12-h dark-light cycle, with free access to
standard laboratory chow and tap water. The
study was conducted according to the ethical
principles in animal research adopted by the
Brazilian College of Animal Experimenta-
tion.

Rats were randomly assigned to seden-
tary (N = 12) and swimming-trained (N = 12)
groups. The training sessions were performed
during the rats’ dark cycle and consisted of
five day/week swimming sessions of 60-min
duration for 8 weeks in an apparatus adapted
for rats containing warmed water (30-32ºC).
Exercise duration and workload were in-
creased gradually until the rats could swim
for 60 min wearing caudal dumbbells weigh-
ing 5% of their body weight. Thereafter,
duration and workload were constant. Sed-
entary rats were placed in the swimming
apparatus for 10 min twice a week to mimic
the water stress associated with the experi-
mental protocol. This swimming protocol
has been characterized previously as low to
moderate intensity and long duration due to
improvement in muscle oxidative capacity
(16).

All the rats were weighed weekly, and
tail-cuff systolic blood pressure (BP) and
HR were determined twice a week through-
out the experimental period.

Tail-cuff blood pressure measurements

BP and HR were measured during the
nine-week study period using a computer-
ized tail-cuff system (Kent Scientific,
Torrington, CT, USA). For BP measurement,
rats were placed in a warmed rat restraining
apparatus during their dark cycle. A cuff was
placed around the rat tail and insufflated
until blood flow was occluded, and then
released until the first pulses of arterial flow
could be detected and recorded on a micro-
computer (AT/CODAS, 100-Hz sampling
rate, DataQ Instruments, Inc., Akron, OH,
USA). Six BP measurements were performed
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twice a week, but only 3 technically success-
ful ones were taken into consideration. Next,
BP was determined for each animal by aver-
aging the values obtained during the week.
HR was obtained from BP pulse records.

Cardiac autonomic control

We evaluated the resting HR 24 h after
the last swimming-training session as a meas-
ure of cardiac autonomic control. Three stain-
less steel electrodes (5 cm long and 0.55 mm
in diameter) were implanted subcutaneously
under ketamine (50 mg/kg, ip) and xylazine
(10 mg/kg, ip) anesthesia, and attached to
the right and left axillary areas and dorsum
(17,18). The electrodes were used to moni-
tor the electrocardiographic (EKG) results
with a multichannel recorder (model 7754A;
Hewlett-Packard, Palo Alto, CA, USA) as
measures of HR. Simultaneously, the EKG
signal was fed to a 16-channel analog-to-
digital converter and then to a microcom-
puter using AT/CODAS at 500 Hz (DataQ
Instruments).

Vagal and sympathetic effects were stud-
ied during the rats’ dark cycle by intravenous
injections of 3 mg/kg methylatropine and 4
mg/kg propranolol (Sigma, St. Louis, MO,
USA), 24 h after electrode implantation. On
the first day of the study, the resting HR was
recorded in quiet unrestrained rats kept in
their individual cages and methylatropine
was injected immediately after recording the
resting HR. Because the HR response to
methylatropine reaches its peak in 10-15
min, this interval was standardized before
the HR measurement. Propranolol was in-
jected 15 min after methylatropine, and HR
was measured again after 10-15 min.

The IHR was evaluated after simulta-
neous blockade with propranolol and meth-
ylatropine. We observed that these drugs
were still promoting a blockade 30 min after
injection. On the 2nd day of the study, pro-
pranolol was administered first to obtain the
inverse sequence of blockade.

The vagal effect was evaluated as the
difference between the maximum HR after
methylatropine injection and the control HR.
The sympathetic effect was evaluated as the
difference between the control HR and mini-
mum HR after propranolol injection. The
vagal and sympathetic effect terminology
has been used and published previously by
our laboratory (12), and is used to estimate
the vagal and sympathetic contribution to
the maintenance of control HR.

At the end of the experiment, the animals
were weighed and killed by decapitation.
The heart was rapidly excised and immersed
in a 1 M KCl-based solution in order to be
arrested at diastole. Ventricular tissues were
dissected and processed immediately and
skeletal muscle (soleus) was frozen at -80ºC
until analysis.

Plasma catecholamine concentrations

Catecholamines (norepinephrine, epi-
nephrine and dopamine) were measured by
HPLC using ion-pair reverse phase chroma-
tography coupled with electrochemical de-
tection (0.5 V) as described by Naffah-
Mazzacoratti et al. (19). Isocratic separation
was obtained using an RP 18 Brownlee col-
umn (4.6 x 250 mm, 5 µ; Applied Biosys-
tems, San Jose, CA, USA) eluted with the
following mobile phase: 20 mM sodium diba-
sic phosphate, 20 mM citric acid, pH 2.64,
containing 10% methanol, 0.12 mM Na2

EDTA, and 566 mg/l heptanesulfonic acid.
The total time for sample analysis was 30
min. The quantitation of catecholamines was
achieved by comparing peak areas of samples
with those of standards and using dihydroxy-
benzylamine (DHBA) as an internal stan-
dard. Plasma (0.5 ml) was added to 50 mg
Al2O5 in a centrifuge tube and 3.5 ml 370
mM Tris-buffer, pH 8.8, plus 40 µl (8 ng) of
DHBA as the internal standard were added.
The suspension was vortex-mixed for 10
min and the alumina was washed three times
with 1 ml water by vortex mixing. The cat-
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echolamines were eluted with 400 µl 100 mM
perchloric acid after 3 min of vortex mixing.
After centrifugation for 3 min at 2,500 g, the
supernatant was filtered and 100 µl was in-
jected into the reverse phase column.

Analysis of cardiac structure

After removal from the thoracic cavity
the heart was trimmed of excess non-cardiac
tissues and dissected to obtain the LV (free
wall plus septum) weight. Hypertrophy is
reported as increase in LV weight normal-
ized for body weight (LV weight/BW).

LV myocardium obtained from the free
wall at the level of the papillary muscle was
fixed in 6% formaldehyde and embedded in
paraffin, cut into 5-µm sections and subse-
quently stained with hematoxylin and eosin.
Two sections were randomly selected for
each animal. All sections were examined by
light microscopy using an oil immersion ob-
jective with a fixed magnification of 400X.
Myocytes were selected for diameter deter-
mination if a visible nucleus was present and
their cell membranes were intact. The car-
diomyocyte image was displayed on a view-
ing screen, and the widths of each individu-
ally isolated cardiac myocyte were manually

traced across the middle of the nucleus with
a digitizing pad. A computer-assisted image
analysis was used to calculate the traced area
(Quantimet 520; Cambridge Instruments,
Woburn, MA, USA). Myocyte diameters
were measured in approximately 20 visual
fields.

Skeletal muscle oxidative enzyme activity

Soleus muscle citrate synthase activity, a
marker of the tricarboxylic acid cycle, was
measured spectrophotometrically. Aliquots
of muscle samples were homogenized 1:10
in PBS for enzymatic analysis. The assay of
citrate synthase, whose enzyme activity was
determined following the production of a
yellow compound which results from the
reaction between DTNB and the CoA re-
leased, consisted of 100 mmol Tris-HCl/l,
0.2 mmol 5,5’-dithio-bis-2-nitrobenzoic acid,
15 mmol acetyl-CoA/l, and 0.5 mmol oxalo-
acetate/l, pH 8.1. Citrate synthase activity is
reported as µmol min-1 mg protein-1.

Statistical analysis

Data are reported as means ± SD. Tail-
cuff BP and HR data were compared be-
tween groups by one-way ANOVA for re-
peated measures followed by the post hoc
Tukey test. For autonomic and structural
cardiac data, plasma catecholamines, and
muscle oxidative capacity, the unpaired Stu-
dent t-test was used to compare means. The
level of significance was set at P ≤ 0.05 for
all analyses.

Results

Resting systolic blood pressure and heart
rate during the swimming-training period

Baseline systolic BP did not differ be-
tween groups throughout the eight weeks of
the experimental protocol (Figure 1A). How-
ever, HR decreased significantly after 6
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Figure 1. Systolic blood pressure
(SBP, Panel A) and heart rate
(HR, Panel B) during the weeks
of exercise training or inactivity.
0, Before exercise training or in-
activity period. Data are reported
as means ± SEM for 12 rats in
each group. Note that SBP val-
ues were similar for sedentary
(S) and swimming-trained (T)
rats, while a significant resting
bradycardia was observed in T
rats following the sixth week of
exercise training. *P ≤ 0.05 com-
pared to T rats (one-way ANOVA
for repeated measures followed
by post hoc Tukey test).
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weeks of swimming training compared with
the pre-exercising period and/or sedentary
littermates (Figure 1B). In contrast, HR was
unchanged in the sedentary group through-
out the study. The development of resting
bradycardia in the swimming-trained group
indicates that aerobic conditioning was
achieved under the present conditions. More-
over, the presence of swimming-training
bradycardia was confirmed by EKG studies
(Figure 2A).

Cardiac autonomic control

To study the mechanism involved in rest-
ing bradycardia after swimming training, the
IHR and sympathetic and parasympathetic
cardiac autonomic controls were calculated.
IHR, measured after simultaneous autonomic
blockade obtained after propranolol and
methylatropine administration, was not dif-
ferent between groups (Figure 2B).

The sympathetic effect did not differ be-
tween sedentary and swimming-trained
groups (Figure 2C), whereas the vagal effect
increased significantly in swimming-trained
rats compared with sedentary rats (Figure
2D). These data indicate that swimming-
training bradycardia is probably due to an

increased cardiac vagal effect.

Plasma catecholamine concentrations

To further investigate sympathetic activ-
ity after swimming training we measured
plasma catecholamine concentrations. There
was no difference in plasma norepinephrine,
epinephrine, L-dopamine, and dopamine
concentrations (5365 ± 776 vs 6439 ± 824,
6154 ± 665 vs 7753 ± 841, 200 ± 25 vs 156 ±
20, and 90 ± 25 vs 102 ± 20 pg/mg protein,
respectively) between sedentary and swim-
ming-trained rats.

Cardiac structure analysis

The BW of swimming-trained rats were
similar to those of sedentary rats (Table 1).
However, cardiac hypertrophy was observed
in the swimming-trained group. LV/BW was
significantly higher (13%) in the swimming-
trained group. Likewise, both right ventricle
(18%) and total heart weight (13%) were sig-
nificantly increased in swimming-trained rats.
The change in LV weight was further con-
firmed by a 21% significant increase in LV
myocyte diameter when swimming-trained rats
were compared to sedentary rats (Table 1).
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Figure 2. Cardiac autonomic
control of heart rate in seden-
tary (S) and swimming-trained
(T) rats. A, Resting heart rate
(HR); B, intrinsic heart rate (IHR);
C, cardiac sympathetic effect
(SE); D, cardiac vagal effect (VE).
Data are reported as means ±
SEM for 12 rats in each group.
Note that the resting bradycar-
dia observed in T rats was at-
tributed to increased VE since
SE and IHR values were similar
for S and T rats. *P ≤ 0.05 com-
pared to S rats (unpaired Stu-
dent t-test).
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Skeletal muscle oxidative enzyme activity

The soleus muscle has been used for
studies on slow-twitch red fiber oxidative
capacity (20). Citrate synthase, a respiratory
enzyme which has been shown (20) to un-
dergo adaptive increases due to exercise in
skeletal muscle fibers, was also used as a
training marker in the present study. We
observed a 52% increase in citrate synthase
activity of soleus muscle in swimming-trained
rats when compared with sedentary rats
(157.8 ± 2.2 vs 103.8 ± 2.6 µmol mg-1 ml-1).

Discussion

The main findings of the present investi-
gation were that: 1) an 8-week swimming-
training period significantly decreases rest-
ing HR in rats; 2) swimming training-in-
duced bradycardia was associated with an
increased cardiac vagal effect, but not with a
sympathetic cardiac effect or IHR, and 3)
swimming training induced cardiac hyper-
trophy in rats.

Heart rate adaptations

The present findings show that the
mechanisms underlying the resting brady-
cardia are strongly dependent on exercise
training mode. In contrast to previous stud-
ies, in which resting bradycardia after run-
ning training was explained by a reduction in
IHR (12,21) or reduced atrioventricular con-

duction (11) in man and rats, we provide
evidence here for vagal-mediated resting
bradycardia after swimming training in rats.
In fact, a different cardiac adaptation after
swimming training should be expected, since
this training mode differs from running train-
ing with respect to body position in the wa-
ter, water pressure and temperature regula-
tion. Indeed, few studies comparing the ef-
fect of different endurance training modes
on the autonomic nervous system have been
conducted on other species. In humans, car-
diac vagal tone analyzed by spectral analysis
did not differ between runners and swim-
mers (22). In contrast, in running-trained
mice, the resting bradycardia was associated
with an increased cardiac vagal tone con-
comitantly with a decreased sympathetic tone
(1), while in swimming-trained mice it was
associated with a decreased cardiac sympa-
thetic tone (Medeiros A and Brum PC, un-
published data).

The resting HR adaptation observed here
cannot be attributed to sympathetic attenua-
tion since both cardiac sympathetic effect
and plasma catecholamine levels were un-
changed in swimming-trained rats. Whether
similar swimming adaptations take place in
humans is still under investigation. Cardiac
adaptations such as vagal predominance and
a mild increase in LV dimensions are al-
ready observed in prepubertal swimmers (23).
Adult swimming athletes examined during
their yearly rest presented resting bradycar-
dia associated with an increased vagal tone

Table 1. Gross cardiac region weights and myocyte diameter of sedentary (S) and swimming-trained (T) rats.

N BW AT W/BW RV W/BW LV W/BW H W/BW LV myocyte
(g) (mg/g) (mg/g) (mg/g) (mg/g) diameter (µm)

S 12 360 ± 27 0.15 ± 0.02 0.56 ± 0.04 1.95 ± 0.14 2.82 ± 0.16 10.0 ± 0.02
T 12 361 ± 15 0.16 ± 0.02 0.66 ± 0.05* 2.20 ± 0.15* 3.18 ± 0.21* 12.0 ± 0.03*
% Change - - 8 18 13 13 21

Data are reported as means ± SEM for 12 rats in each group. BW = body weight; AT W/BW = atrium weight
to body weight ratio; RV W/BW = right ventricle weight to body weight ratio; LV W/BW = left ventricle weight
to body weight ratio; H W/BW = heart weight to body weight ratio; LV, left ventricle.
*P ≤ 0.05 compared to S rats (unpaired Student t-test).
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(24). However, champion swimmers exam-
ined at the peak of their training season
showed a resting bradycardia paradoxically
coexisting with an increased cardiac sympa-
thetic tone (24). Recently, similar results
were observed for highly fit rowers, who
showed a shift in cardiovascular autonomic
modulation from parasympathetic to sympa-
thetic predominance during the World Cham-
pionship (25). Therefore, the cardiac auto-
nomic control seems to be influenced by
either training mode or season, a fact that
represents an interesting topic for future in-
vestigations. Indeed, recent studies have dem-
onstrated that vagal improvement is associ-
ated with lower adverse cardiac events such
as, lower cardiac arrhythmias (9,26). Con-
versely, cardiac sympathetic predominance
may be hazardous to the cardiovascular sys-
tem since it triggers arrhythmias (27,28).

Another interesting finding of the pres-
ent study regards the time needed for HR
reduction. Resting bradycardia did not occur
before six weeks of swimming training. This
raises the possibility of a long-term effect of
exercise training, especially because 6 weeks
is a long time for a rat.

Cardiac adaptations

Earlier studies have also demonstrated
that exercise training by swimming increases
the heart weight to BW ratio to values rang-
ing from 12 to 31% in rats (29). Cardiac
hypertrophy is known to occur in response to
various stimuli such as pressure and volume
overload. Also, the association between LV
structure at rest and cardiac performance
during physical effort has been emphasized
by several studies performed on trained sub-
jects (30,31). Endurance-trained subjects
involved in training with a high dynamic
aerobic component develop predominantly
increased LV chamber size, with a propor-
tional increase in wall thickness and LV
stroke volume caused by volume overload.
Thus, they show eccentric cardiac hypertro-

phy associated with improved cardiac per-
formance during exercise. On the other hand,
strength-trained subjects, mainly involved in
static isometric anaerobic exercise, show in-
creased LV wall thickness with a pattern of
concentric geometry caused by pressure over-
load during exercise.

Swimming training, used here as a train-
ing mode, is mainly related to volume over-
load-induced cardiac eccentric hypertrophy
with predominant longitudinal myocyte
growth (32). Although myocyte length was
not determined in the present study, we were
able to detect an increase in myocyte width
which paralleled the changes observed in
LV/BW ratios. This is consistent with the
idea that exercise training-induced eccentric
hypertrophy can lead to a proportional myo-
cyte width and length growth (33). More-
over, the cardiac hypertrophy observed in
swimming-trained rats is a physiological and
beneficial cardiac adaptation, usually asso-
ciated with increased cardiac performance.

Skeletal muscle adaptations

The increase in skeletal muscle oxidative
capacity by exercise training is a well-estab-
lished adaptation (34) and is considered a
good marker for exercise training efficiency
(35). In our study, we found a 52% increase
in citrate synthase activity in swimming-
trained rats when compared with sedentary
rats. These results show the effectiveness of
the swimming-training protocol, and should
be taken into consideration in future investi-
gations dealing with swimming-training pro-
tocols in rats.

Blood pressure adaptations

The lack of exercise-training adaptation
in systolic BP in normotensive rats is con-
sistent with previous observations in studies
by our group (36,37) and others (38). In fact,
exercise training has been recommended as
a non-pharmacological treatment for high
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blood pressure, but its effect in normoten-
sive animals and normotensive humans seems
to be minimal.

We have extended previous observations
of the effect of training on the cardiovascular
system by showing that the resting bradycar-
dia occurs as a consequence of an increased
cardiac vagal effect in swimming-trained rats.
Furthermore, we demonstrated that swim-
ming training is efficient in inducing cardiac
hypertrophy in rats. This demonstrates the
importance of considering the nature of the
training mode and species in cardiac auto-
nomic and structural adaptations. Further-
more, these alterations, if reproducible in

humans, are of clinical relevance since both
a reduction in HR and an increase in vagal
tone have been associated with an increase
in life expectancy (39) and a protective ef-
fect against cardiac events such as lethal
arrhythmias (40).
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