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Abstract

Exercise training associated with robust conditioning can be useful for
the study of molecular mechanisms underlying exercise-induced car-
diac hypertrophy. A swimming apparatus is described to control
training regimens in terms of duration, load, and frequency of exer-
cise. Mice were submitted to 60- vs 90-min session/day, once vs twice
a day, with 2 or 4% of the weight of the mouse or no workload attached
to the tail, for 4 vs 6 weeks of exercise training. Blood pressure was
unchanged in all groups while resting heart rate decreased in the
trained groups (8-18%). Skeletal muscle citrate synthase activity,
measured spectrophotometrically, increased (45-58%) only as a result
of duration and frequency-controlled exercise training, indicating that
endurance conditioning was obtained. In groups which received dura-
tion and endurance conditioning, cardiac weight (14-25%) and myo-
cyte dimension (13-20%) increased. The best conditioning protocol to
promote physiological hypertrophy, our primary goal in the present
study, was 90 min, twice a day, 5 days a week for 4 weeks with no
overload attached to the body. Thus, duration- and frequency-con-
trolled exercise training in mice induces a significant conditioning
response qualitatively similar to that observed in humans.
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Introduction

In response to a variety of mechanical,
hemodynamic, hormonal and pathologic
stimuli, the myocardium adapts to increased
workloads through the hypertrophy of indi-
vidual muscle cells (1). Cardiac hypertrophy
can occur as an adaptive response to a physi-
ological (exercise training) or pathological
(valvular disease, hypertension, or obesity)
increase in cardiac work (2,3). Different forms
of cardiac hypertrophy arise as a result of a
combination of genetic, physiologic, and
environmental factors. The molecular

mechanisms underlying exercise-induced
physiological as well as pathological hyper-
trophy are poorly understood. In either con-
centric or eccentric pathological hypertro-
phy, the expression of cardiac embryonic
genes such as those coding for natriuretic
peptides is increased (4), but is unchanged in
exercise-induced physiological hypertrophy
(5). With the recent advances in transgenic
and gene-targeting approaches, engineered
mice have been used as a powerful tool to
identify and validate genes and cellular path-
ways underlying different cardiovascular
phenotypes such as hypertrophic (6) and di-
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lated (7) cardiomyopathies, but the lack of
standardized and reproducible exercise train-
ing protocols has limited the understanding
of this complex biological process.

Exercise training leads to improvement of
cardiovascular capacity which is associated
with lower resting and submaximal heart rates,
increased ventricular weights and volume, and
myocyte hypertrophy (8,9). The adaptation to
exercise training is dependent on factors such
as training load, duration and frequency. Swim-
ming is recognized for its efficiency in induc-
ing myocardial hypertrophy and a significant
increase in left ventricular end-diastolic vol-
ume in rats (10,11). In the present study, we
developed a robust and reproducible exercise
training protocol for the development of car-
diac hypertrophy in mice. A swimming train-
ing apparatus was built and used to test differ-
ent swimming programs regarding duration,
frequency and load of physical exercise. Us-
ing this approach, we provided evidence that
duration and frequency but not load-controlled
swimming training regimens lead to signifi-
cant endurance conditioning and myocardial
hypertrophy in mice.

Material and Methods

Study population

Nine-week-old male C57/BL6 mice (N =
62) were maintained in a light- (12-h light

cycle) and temperature- (22ºC) controlled
environment and were fed a pellet rodent
diet (Nuvital Nutrientes S/A, Curitiba, PR,
Brazil) ad libitum and had free access to
water. The training sessions were performed
during the dark cycle of the mice which in
the present study were kept from 7:00 to
19:00 h. The animals were randomly as-
signed to 3 sedentary (S1-S3, N = 19) and 7
exercise-trained (T1-T7, N = 43) groups ac-
cording to the two protocols described be-
low.

All animal experimental procedures fol-
lowed Institutional guidelines and were ap-
proved by the Ethics Committee of the Uni-
versity of São Paulo Medical School.

Training protocols

Group assignment and number of mice
used in each protocol are given in Table 1.

Protocol 1. The adaptation to exercise
training depends on factors such as training
load, duration and frequency. In protocol 1,
duration, frequency and load of physical
exercise were investigated. Training dura-
tion was associated with changes in length of
exercise sessions (60 vs 90 min), while exer-
cise with the addition of different workloads
(2 or 4% of body weight) modified the train-
ing load. Training frequency was investi-
gated by comparing the number of exercise
training sessions per day (once vs twice a
day). The aim was to optimize these param-
eters to induce robust cardiovascular effects,
such as resting bradycardia and cardiac hy-
pertrophy. The mice were randomly assigned
to a sedentary (S1, N = 13) and five trained
(T1-5, N = 29) groups. The T1, T2 and T3
groups were exercised at the same load
but with different duration or frequency
of exercise, with T1 and T2 being used as
duration groups and T3 as the frequency
group. In contrast, T4 and T5 groups (load
groups) were trained with the same duration
and frequency of exercise but with different
loads.

Table 1. Summary of swimming exercise training schedules used in the present study.

Protocol Training N Volume Intensity Frequency Duration
group (min) (% bw) (sessions/day) (weeks)

1 T1 6 90 0 2 6
T2 5 60 0 2 6
T3 6 90 0 1 6
T4 5 60 2 2 6
T5 7 60 4 2 6

2 T6 7 90 0 2 4
T7 7 90 0 2 6

N = number of mice; bw = body weight; volume     = duration of each session training in
minutes.
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The T1 group trained 5 days a week,
twice a day with a gradual progression to-
ward a 90-min session for 6 weeks. The T2
and T3 groups performed a swimming train-
ing protocol similar to that of the T1 group,
except that exercise sessions were shorter (a
60-min session, twice a day). The training
frequency of the T2 and T3 groups was also
reduced (once a day, 90-min session). The
T4 and T5 groups performed a swimming
protocol similar to that of the T2 group (a 60-
min session), except that they were submit-
ted to swimming with a 2 or 4% body weight
workload, respectively. All mice were
weighed once a week and when necessary
the workload (2 or 4% of body weight) was
adjusted to body weight changes. Sedentary
mice were placed in the swimming appara-
tus for 5 min twice a week to mimic the water
stress associated with the experimental pro-
tocol.

Protocol 2. In this protocol the results
obtained for group T1 were evaluated with
regard to the duration (4 vs 6 weeks) of
training. Mice were randomly assigned to 2
sedentary (S2 and S3, 4 vs 6 weeks, respec-
tively, N = 6) and 2 exercise-trained (T6 and
T7, 4 vs 6 weeks, respectively, N = 14)
groups.

Swimming apparatus

We designed a swimming apparatus es-
pecially planned for exercise training of mice.
The system consists of two coupled 200-l
water glass tanks of different dimensions.
The outer tank measures 60 cm in diameter,
100 cm in width and 50 cm in height. The
inner tank is divided into 14 lanes with a
surface area of 15 x 15 cm per lane and a
depth of 35 cm to allow individual training.
To prevent floating during the swimming
session, water bubbling was produced by
tubes connected to an air pump system. A
heating system kept the water temperature
between 30 and 32ºC and a water filter with
a flow capacity of 420 l/h was used to clean

the swimming apparatus (Figure 1).

Resting systolic blood pressure and heart
rate measurements

Tail-cuff systolic blood pressure and heart
rate (HR) were determined during the 4- or
6-week-period of study using a computer-
ized tail-cuff system (BP 2000 Visitech Sys-
tems, Apex, NC, USA) (12). Blood pressure
values were determined for each animal by
averaging blood pressure measurements ob-
tained on two different days of the same
week during the animal’s dark cycle.

Analysis of cardiac structure

Twenty-four hours after the last exercise
training session, sedentary and exercise-
trained mice were killed and tissues har-
vested. The weights of the heart and of the
dissected chamber atria, right ventricle and
left ventricle were measured. The dissected
chambers were then fixed by immersion in
4% buffered formalin and embedded in par-
affin for routine histologic processing. Sec-
tions (4 µm) were stained with hematoxylin
and eosin for examination with a light micro-
scope. Myocyte width was measured in the
left ventricle free wall with a computer-

Figure 1. Swimming apparatus for mouse physical training.
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assisted morphometric system (Leica Quan-
timet 500, Cambridge, UK). For 10 myo-
cytes containing a nucleus visible in the
field, a single transverse measurement of
width passing through the nucleus was de-
termined. Myocyte diameter was determined
for each animal by averaging the measured
myocytes.

Skeletal muscle oxidative enzyme activity

Muscle samples were taken from the left
and right soleus at the time of killing and
frozen in liquid nitrogen for later processing.
Citrate synthase activity was measured spec-
trophotometrically in whole muscle homo-
genates and the amount of the complex re-
sulting from coenzyme A and oxaloacetate
was determined (13).

Statistical analysis

Data are reported as means ± SEM. Data
for the exercise-trained groups were compared
to those for the sedentary groups using one-
way ANOVA for repeated measures and two-
way ANOVA followed by the Tukey post

hoc test in Protocols 1 and 2, respectively.
Statistical significance was set at P ≤ 0.05.

Results

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

Baseline blood pressure did not differ
among the groups studied in Protocol 1 (Fig-
ure 2A). In contrast, after 3 weeks of exer-
cise training, HR decreased significantly in
all trained groups compared to the pre-exer-
cise period (T1, 12.3%; T2, 12%; T3, 8.3%;
T4, 10%, and T5, 8%) as well as to sedentary
littermates (Figure 2B). In contrast, HR was
unchanged in the sedentary group through-
out the study. The development of resting
bradycardia in the exercising mice indicates
that aerobic conditioning was achieved with
these training regimens (14).

In Protocol 2, reduction of exercise train-
ing from 6 to 4 weeks resulted in no change
in blood pressure or HR responses (Figure
2C and D, respectively). Baseline blood pres-
sure remained unchanged in all sedentary
and exercise-trained groups, while signifi-
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Figure 2. Resting systolic blood pressure (mmHg) and heart rate (bpm) during physical training in Protocols 1 (A and B) and 2 (C and D). Data are
reported as mean ± SEM. *P < 0.05 compared to the sedentary groups S1 (B) and S2 and S3 (D) at the same time. +P < 0.05 compared to the trained
groups before and after physical training (two-way ANOVA test). Resting blood pressure did not change among groups after physical training;
however, heart rate decreased in all trained groups after 2-3 weeks of physical training (P < 0.05). bet = before exercise training.
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cant resting bradycardia was achieved at
both T6 (18%) and T7 (16.4%) 4 and 6
weeks of exercise training, respectively,
compared to sedentary littermates (Figure
2D).

Cardiac structure analysis

The body weights of exercise-trained mice
from the T1 to T4 groups were similar to
those of sedentary mice (Table 2). In con-
trast, mice exercised at a higher load (T5)
showed a significantly lower body weight
than sedentary mice. In Protocol 2, the body
weight of T6 mice did not differ from that of
their sedentary littermates, while T7 mice
had a significantly lower body weight than
S3.

Cardiac hypertrophy was observed only
in mice from duration (T1) and load groups
(T4 and T5) in Protocol 1 (Table 2). The
increased heart weight to body weight ratio
was mainly due to an increase in left ven-
tricle weight in the T1 and T4 groups. In the
load group (T4), the normalized weight of
the atria also contributed to the increased
heart weight. In contrast, in the group exer-
cised at a higher load (T5) the normalized
increase in heart weight was associated

mainly with a smaller body weight.
The magnitude of cardiac hypertrophy

was not influenced by reduction of exercise
training from 6 to 4 weeks. Both the T6 and
T7 groups presented increased heart weight
to body weight ratios mainly due to an in-
creased left ventricle weight to body weight
ratio (Table 2).

Changes in myocyte width paralleled the
changes observed in the left ventricle to
body weight ratios. A significant increase in
myocyte width was observed in the exercise-
trained groups (T1, T4, T6 and T7) com-
pared to sedentary littermates in both proto-
cols (Figure 3A,C).

Skeletal muscle oxidative enzyme activity

An increased muscle oxidative activity
concomitant with an increase in aerobic work
capacity is one of the hallmarks of skeletal
muscle adaptation to aerobic conditioning.
We measured the maximal activity of citrate
synthase (an enzyme involved in the citric
acid cycle) in the soleus muscle of all exer-
cise-trained and sedentary mice as a marker
of muscle oxidative activity.

Interestingly, in Protocol 1, the maximal
activity of citrate synthase was significantly

Table 2. Cardiac morphometric analysis following physical training in Protocols 1 and 2.

Protocol Group BW (g) H/BW (mg/g) LV/BW (mg/g) RV/BW (mg/g) AT/BW (mg/g)

1 S1 25.5 ± 0.50 4.02 ± 0.07 3.04 ± 0.06 0.78 ± 0.02 0.19 ± 0.01
T1 23.0 ± 0.66 4.51 ± 0.00* 3.47 ± 0.07* 0.82 ± 0.03 0.23 ± 0.01
T2 23.4 ± 0.12 4.35 ± 0.09 3.32 ± 0.07 0.82 ± 0.03 0.23 ± 0.01
T3 24.7 ± 0.94 4.20 ± 0.20 3.21 ± 0.17 0.78 ± 0.04 0.21 ± 0.01
T4 23.6 ± 0.44 4.62 ± 0.19* 3.48 ± 0.14* 0.87 ± 0.05 0.27 ± 0.01*
T5 22.7 ± 0.60* 4.50 ± 0.09* 3.34 ± 0.07 0.89 ± 0.04 0.28 ± 0.01*

2 S2 23.17 ± 0.80 3.94 ± 0.10 2.92 ± 0.03 0.80 ± 0.03 0.22 ± 0.01
S3 25.90 ± 0.85 4.21 ± 0.01 3.09 ± 0.04 0.90 ± 0.07 0.22 ± 0.01
T6 21.34 ± 0.46 4.93 ± 0.04** 3.67 ± 0.04** 0.93 ± 0.01 0.34 ± 0.01**
T7 22.20 ± 0.82+ 5.13 ± 0.13+ 3.80 ± 0.10+ 1.01 ± 0.04 0.29 ± 0.02

AT = atria, BW = body weight, H = heart, LV = left ventricle, RV = right ventricle, S = sedentary group, T =
training group. Data are reported as mean ± SEM.
*P < 0.05 compared to S1, **P < 0.05 compared to S2, and +P < 0.05 compared to S3 (two-way ANOVA
test). As shown, cardiac hypertrophy was significant in groups T1, T4, T5, T6 and T7 due mainly to an
increase in left ventricular and atrial weight.
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higher only in exercise-trained mice from
the duration group when compared with sed-
entary mice and other trained groups (Figure
3B). In Protocol 2, exercise-trained mice
from the T6 and T7 groups showed a signifi-
cant increase in citrate synthase activity when
compared to their respective sedentary litter-
mates (Figure 3D).

Discussion

In the current study we examined exer-
cise conditioning, which represents one of
the major cardiovascular adaptations to
chronic cardiovascular stress, and provide
evidence that duration- and frequency-con-
trolled but not load-controlled exercise train-
ing regimens induce substantial endurance
conditioning and myocardial hypertrophy in
mice. These results suggest that the dura-
tion- and frequency-controlled training regi-
mens can be useful to unravel the role of
particular genes and pathways in exercise-
induced cardiac hypertrophy in the context
of the whole animal.

Exercise training model

Swimming rather than running was cho-
sen as a model because of its efficiency in
inducing myocardial hypertrophy and greater

left ventricular end-diastolic volume in rats
(10,11). Although most treadmill running
studies have failed to show cardiac hypertro-
phy in rats (15,16), some investigators (17,18)
have observed cardiac hypertrophy in mice
trained in voluntary running protocols or
intensity-controlled treadmill running. How-
ever, it is important to emphasize that condi-
tioning associated with voluntary running in
wheels is difficult to quantify because there
is a wide variation in the amount of running
among animals. Even though Kemi et al.
(17) recently showed that graded running
intensity results in major increments of ven-
tricular mass than fixed running intensity,
their protocol was probably restricted to
healthy mice considering the intensity levels
achieved during the exercise training period
(85-90% VO2max). Regarding swimming,
most training protocols (3,19-21) have
adopted group swimming, which promotes a
vigorous response but adds stress as an im-
portant confounding variable. One excep-
tion is the study by Kaplan et al. (19) show-
ing a swimming training-induced cardiac
hypertrophy limited to female mice.

In the present study, we developed a
swimming apparatus for mice with individual
lanes and bubbling water to avoid animal
floating, which facilitated the control of load,
duration and frequency during the swim-
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Figure 3. Left cardiac myocyte
dimensions and skeletal muscle
maximal citrate synthase activ-
ity following physical training in
Protocols 1 (A and B) and 2 (C
and D). Data are reported as
means ± SEM. *P < 0.05 com-
pared to the sedentary groups
S1 (A and B; one-way ANOVA
test) and S (C and D; two-way
ANOVA test).
Trained mice, T1 and T4 from
Protocol 1 and T6 and T7 from
Protocol 2, showed an increase
in myocyte dimensions confirm-
ing the increase cardiac weight.
However, citrate synthase activ-
ity was higher only in groups T1,
T6 and T7.
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ming sessions. As previously described (19),
minimal diving was observed in mice and
their forelegs were relatively inactive during
swimming, with almost all of the vigorous
muscular activity being performed by the
hindlegs.

The current study demonstrated that mice
who are close to their limit of functional
adaptation (very high peak oxygen uptake,
intrinsic HR and cardiac sympathetic tone)
develop cardiac hypertrophy and endurance
conditioning by swimming.

Blood pressure and heart rate responses

Resting bradycardia is a useful and reli-
able indicator of endurance conditioning (22).
The exercise-trained groups showed a lower
resting HR when compared to the sedentary
groups (P < 0.05). However, the magnitude
of resting bradycardia was higher in the du-
ration-controlled trained groups (12-18%)
than in the load- and frequency-controlled
trained groups (8-10%). The bradycardic re-
sponse occurred two to three weeks after
training in all groups. Although the magni-
tude of resting bradycardia did not differ
significantly among the trained groups, mice
from the T6 and T7 groups (duration-con-
trolled training regimen, Protocol 2) tended
to present a greater magnitude of resting
bradycardia than T1 mice (duration-con-
trolled training regimen, Protocol 1). This
response might be related to the variability
of resting HR values in this species. In a
recent review, Bernstein (23) pointed out the
wide variability in the definition of normal
resting HR in mice, with reported values
ranging from 212 to 690 bpm (24,25).

There was no difference in systolic blood
pressure after all swimming training regi-
mens when exercise-trained mice were com-
pared with sedentary littermates. These re-
sults are consistent with previous observa-
tions by our group (26,27) and others (28)
showing that arterial pressure remains un-
changed in exercise-trained normotensive

animals and humans.

Skeletal muscle oxidative capacity

The adaptation of skeletal muscle oxida-
tive capacity induced by exercise training is
well established and is also considered to be
a good marker for exercise training effi-
ciency (29). However, few swimming stud-
ies in rodents have documented an increased
skeletal muscle oxidative capacity associ-
ated with exercise training (30). One of the
purposes of the present study was to deter-
mine if skeletal muscle oxidative capacity
would be affected by different swimming
training regimens in mice. Interestingly, we
observed a significant elevation in citrate
synthase activity only in the duration-con-
trolled exercise groups from Protocol 1 (T1,
58%), and Protocol 2 (T6, 45%, and T7,
54%) groups. In contrast, the lower duration
(T2), frequency (T3), and load groups (T4
and T5) showed no significant changes in
citrate synthase activity. These results sug-
gest that duration-controlled exercise train-
ing is the most efficient regimen for inducing
skeletal muscle adaptation in mice. In fact,
duration of training has been identified as
the main factor affecting skeletal muscle
oxidative capacity after exercise training in
rodents (31). In contrast, the effect of load
exercise training on oxidative enzyme activ-
ity in rodents remains controversial (32,33).

Ventricular weights and left ventricular
cardiac myocyte dimensions

Although an increase in heart weight-to-
body weight ratio had been previously re-
ported in mice (19,34,35), the present data
are the first to demonstrate that the increase
in heart weight is influenced by exercise
training regimens. We found that the dura-
tion-controlled swimming training was the
most efficient regimen for inducing cardiac
hypertrophy in mice. Other studies with dif-
ferent physical training protocols such as
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voluntary wheel running (18) and treadmill
running (17) have reported smaller cardiac
hypertrophies (10 and 12.3%, respectively)
compared to the present study (25%). The
hypertrophic responses were accompanied
by an increase in myocyte width. Interest-
ingly, the time course of exercise training (4
vs 6 weeks) did not influence the magnitude
of cardiac hypertrophy (groups T6 vs T7).

Limitations of the present study

Swimming has been suggested to be the
most efficient type of exercise for inducing
conditioning and cardiac hypertrophy in ani-
mals (36) even though it is associated with
an important stress response (28). We placed
the mice from the sedentary groups in the
water for 5 min twice a week in an attempt to
minimize the effect of stress when compar-
ing sedentary vs trained groups. Further-
more, although the corticosterone levels were
not assessed in these animals, the adrenal
gland weight was determined and did not
differ among groups (data not shown).

Earlier studies have demonstrated that
exercise training by swimming increases the
heart weight-to-body weight ratio by 12 to
31% in rats (16) and by 16 to 29% in mice

(19,34). Cardiac hypertrophy is well known
to occur in response to various stimuli, such
as pressure and volume overload. Exercise
training is mainly related to a volume over-
load-induced cardiac eccentric hypertrophy
with predominant longitudinal myocyte
growth (1). Although myocyte length has not
been determined, we were able to detect an
increase in myocyte width which paralleled
the changes observed in left ventricle to
body weight ratios. This is consistent with
the idea that exercise training-induced ec-
centric hypertrophy can lead to proportional
myocyte width and length growth (37).

In the present investigation, training regi-
mens associating duration, load, and fre-
quency of exercise were restricted to male
mice. We cannot exclude a gender effect on
this response although similar cardiovascu-
lar and metabolic responses to physical train-
ing have been shown in male and female rats
(17).

In the present study we describe a swim-
ming apparatus to produce exercise-induced
cardiac hypertrophy in mice and provide
evidence indicating that duration- and fre-
quency-controlled but not load-controlled
exercise is associated with physical condi-
tioning in mice.
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