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Background
Mild to moderate exercise reduces cardiovascular risk factors, improves pre-exist-
ing pathological conditions and develops adaptive cardiac hypertrophy. However, 
the myocardial response to strenuous exercise is scarcely known.

Objective
The aim of this study was to evaluate baseline ventricular function and myocardial 
reserve (inotropic, chronotropic and lusitropic response to the β-adrenergic agonist 
isoproterenol) in vivo and in vitro in mice following strenuous exercise.

Methods
Three-month old male FVB mice were used. The protocol exercise consisted in 90 
min swimming sessions twice a day, 6 days/week for 4 weeks. Two experimental 
groups were studied: 1) sedentary group, with no exercise; and 2) exercise group, 
with full strenuous swimming protocol.

Results
At the end of the protocol, left ventricular mass increased by 27.9±4% with pre-
served baseline left ventricular function. In vivo and in vitro myocardial response 
to isoproterenol decreased with no changes in interstitial collagen. 

Conclusions
Under our experimental conditions, a strenuous swimming protocol produced 
moderate cardiac hypertrophy with adaptive and maladaptive hypertrophic char-
acteristics. Although baseline ventricular function was preserved with no changes 
in interstitial collagen, inotropic, chronotropic and lusitropic reserve decreased.
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Abbreviations > bpm	 Beats per minute

CPP	 Coronary perfusion pressure

+dP/dtmax	Positive first derivative of left 		

	 ventricular pressure

-dP/dt	 Negative first derivative of left 		

	 ventricular pressure

HR	 Heart rate

ISO	 Isoproterenol

LV	 Left ventricle

LVDP	 Left ventricular diastolic pressure

LVSP	 Left ventricular systolic pressure

TL	 Tibial length

t63	 isovolumic relaxation time t63
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INTRODUCTION
It is well known that exercise has beneficial effects 
reducing cardiovascular risk factors as hypertension, 
diabetes mellitus, overweight, endothelial dysfunc-
tion and dyslipidemia. (1) As a result of exercise, the 
heart develops physiological remodeling with myocar-
dial hypertrophy in response to chronic hemodynamic 
loading, (2) and increased left ventricular diameter 
(3) depending on the type of stimuli. (4) Exercise may 
exert beneficial effects on pre-existing conditions, as 
hypertension, myocardial infarction and heart failure. 
(1) In this sense, Garciarena et al. demonstrated that 
moderate exercise produces a beneficial adaptation in 
spontaneously hypertensive rats, converting patho-
logical into physiological hypertrophy, inhibiting apo-
ptosis and improving ventricular function. (5)  

Normal heart function depends on the ability of 
the heart to keep an adequate stroke volume, not only 
under baseline conditions but also as a response to 
different stimuli, as β-adrenergic stimulation. (3, 6) 
This becomes more relevant in the heart subjected to 
exercise, as it implies a significant adrenergic stimu-
lus for the heart which has to be capable of generat-
ing an adequate response. Therefore, it is noteworthy 
that few studies have evaluated the heart response 
to β-adrenergic stimulation after chronic exercise. In 
this sense, Vitiello et al. (7) showed that rats subjected 
to prolonged strenuous exercise had reduced baseline 
function with preserved response to isoproterenol 
(ISO). However, the exercise used in this research 
was strenuous and acute. Therefore, the goal of the 
present research was to evaluate baseline ventricular 
function and inotropic, chronotropic and lusitropic 
reserve in mice subjected to a protocol of strenuous 
chronic exercise. As chronic exercise may modify au-
tonomic regulation and myocardial loading conditions 
which may be related to changes in ventricular func-
tion, the second goal of this study was to evaluate 
baseline cardiac response and myocardial reserve in 
an isolated isovolumic heart model .This model, where 
the strict control of variables which regulate myocar-
dial function, such as ventricular volume, heart rate 
and pH are kept constant, allowed independence from 
changes induced by chronic exercise.

METHODS 
Animals and exercise protocol
This study was approved by the Institutional Commit-
tee for the Care and Use of Laboratory Animals, Uni-
versity of Buenos Aires (Resolution N° 957 2012), and 
all the procedures were performed in agreement with 
the Guide for the Care and Use of Laboratory Animals 
of the United States National Academy of Sciences, 
updated by the American Physiological Society (APS).
Adult male FVB mice (3 months old) were housed in 
small groups (n = 4/5) in cages and adapted to a 12:12-
h light/dark cycle at a temperature of 22°C with ad 
libitum access to food and water at all times except 
during swimming sessions.

Swimming was chosen as exercise protocol as it is 

a mixed exercise. The adaptation period started with 
20 minutes of exercise that was increased daily un-
til the animals achieved the total stipulated time. (8) 
The animals from each experimental protocol swam 
in groups in a pool measuring 40 × 70 × 30 cm. A 
heating system kept the water temperature between 
30 and 32ºC. (9) To prevent the animals from float-
ing during the swimming session, homogeneous water 
bubbling was produced in all the system to generate 
constant and strenuous swimming throughout the 
protocol. (10) The exercise protocol consisted of 90 
min sessions twice a day, 6 days a week for 4 weeks 
(including the adaptation week). (11, 12)

Experimental groups
The animals were assigned to two groups:
-	 Group 1: sedentary group. These mice were not 	
	 subjected to exercise and were kept in their cages 	
	 until euthanasia. 
-	 Group 2: exercise group. These mice were subject	
	 ed to strenuous exercise and were kept in their 	
	 cages until euthanasia. 

Assessment of baseline left ventricular function and response 
to isoproterenol
In vivo study: once the protocol ended, the animals 
were weighed and anesthetized with ketamine (100 
mg/kg) and xilacin (2.5 mg/kg). The right carotid ar-
tery was dissected and a heparinized catheter was in-
troduced into the left ventricle (LV). The left jugular 
vein was then dissected and a catheter was introduced 
to administer intravenous ISO (56 ng/kg). Following 
a 10-min equilibration period, baseline left ventricu-
lar systolic and diastolic pressure (LVSP and LVDP; 
mmHg), its first derivative (+dP/dtmax and –dP/dt; 
mmHg/s) and heart rate (HR; bpm) were recorded. 
The same variables were recorded in each group after 
the administration of ISO using an analog-to-digital-
converter (National Instruments) with software for 
data acquisition and analysis.

In vitro study: once the protocol ended, another 
group of animals were weighed and anesthetized with 
sodium pentobarbital (150 mg/kg) and unfractionated 
heparin (500 IU/kg) was administered. Then, the aor-
ta was isolated and cannulated with a 21G cannula. 
The hearts were excised and perfused according to the 
Langendorff technique with a Krebs- Henseleit buffer 
solution containing (in mM): 118.5 NaCl, 4.7 KCl, 24.8 
NaHCO3, 1.2 KH2PO4, 1.2 Mg SO4, 1.5 CaCl2 and 10 
glucose. This solution was bubbled with 95% O2 and 
5% CO2 (pH = 7.4) at 37°C. A latex balloon was intro-
duced into the LV and connected to a catheter (P50) 
and a pressure transducer (Deltram II, Utah Medical 
System). Two electrodes were inserted and connect-
ed to a pacemaker to achieve a constant HR of 472 
± 30 bpm. Coronary perfusion pressure (CPP) was 
also recorded with a pressure transducer connected 
to the perfusion line. All the hearts were perfused at 
a constant flow of 4.00 ± 0.27 ml/min. The coronary 
artery flow was adjusted to obtain a CPP of 73.1 ± 
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3.1 mm Hg during the initial stabilization period and 
was kept constant throughout the experiment. Real 
time ventricular pressure and CPP were recorded and 
maximal dP/dt (dP/dtmax, mmHg/min) and isovolumic 
relaxation time (t63, ms) were calculated. In this way, 
ventricular function was evaluated at baseline and af-
ter the administration of ISO.

Morphometric evaluation 
Once ventricular function was recorded, the mice 
were euthanized and necropsy was performed. The 
complete cardiopulmonary block was removed and 
the LV, right ventricle (RV), left atrium and right 
atrium were dissected and weighed. The LV was fixed 
in buffered formalin to perform histological staining 
for histomorphometric studies. Tibial length (TL) was 
also measured. As opposed to body weight, which can 
increase with training, TL is not modified by exercise 
and was used to calculate the left ventricular weight 
(LVW)-to-tibial length (LVW/TL) ratio, an index of 
cardiac hypertrophy.

Quantification of percent LV collagen 
Once the LV was fixed in buffered formalin and em-
bedded in paraffin, semi-serial sections were stained 
using Picrosirius Red which differentiates collagen 
(red) from non-collagen tissue (yellow) without con-
sidering perivascular collagen. Collagen quantifica-
tion was assessed by colorimetry using Image-Pro 
Plus 6.0 and expressed as percent collagen in all the 
left ventricle per field.

Statistical analysis
Results were expressed as mean ± standard error of 
the mean.
A t test was used for inter-group comparisons and 
a p value < 0.05 was considered as statistically sig-
nificant. All calculations were performed using Sigma 
STAT32 software.

RESULTS
Necropsy results in Table 1 show that left ventricular 

Table 1. Morphometric values of the experimental group 

mass, evaluated by LVW, as well as LVW/body weight 
and LVW/TL hypertrophy ratios were significantly 
higher in the exercise group vs. the sedentary group.

Table 2 describes baseline ventricular function val-
ues in vivo before ISO. Heart rate, LVSP, LVDP, +dP/
dtmax and t63 were similar in both groups. Figure 1 
shows in vivo baseline ventricular function and the 
response of +dP/dtmax, HR and t63 to the administra-
tion of ISO. Baseline +dP/dtmax (Fig.1, panel A) did 
not show significant differences in the study groups 
(5314.5 ± 404.9 vs. 6297.1 ± 499.5 mmHg/s), while 
the administration of ISO increased in both groups, 
though the increase was significantly lower in the 
group subjected to exercise (35.6 ± 7.0 vs. 63.2 ± 9.6%, 
p<0.05). Fig.1, panel B shows that baseline HR was 
similar (301 ± 15 vs. 300 ± 16 bpm), and increased 
after the administration of ISO in both groups. How-
ever, this increase was significantly lower in the group 
subjected to exercise (27.7 ± 5.3 vs. 66.8 ± 8.9%, p < 
0.001). Finally, baseline relaxation time (Fig.1, panel 
C) was similar in both groups (8.32 ± 0.72 vs. 9.27 ± 
0.64 ms), while ISO decreased t63 only in the seden-
tary group (8.32 ± 0.72 vs. 5.61 ± 0.31 ms, p<0.004), 
suggesting increased relaxation velocity in this group, 
and not in the exercise group (9.27±0.64 vs. 8.43 
±.0.76 ms). Thus, t63 percent variation showed a sig-
nificant reduction in the sedentary group compared to 
the exercise group (9.82 ± 3.16%, vs. 29.93 ± 6.07%, 
p<0.011).

In the in vitro, isolated, perfused hearts, baseline 
+dP/dtmax (Fig. 2, panel A) did not evidence signifi-
cant differences in the groups with and without exer-
cise (1998.4 ± 149.3 vs. 2308.6 ± 409.1 mmHg/s). ISO 
produced a significant increase in the sedentary group 
(1998.4 ± 149.3 vs. 2951 ± 232.1 mmHg/s, p<0.003), 
but not in the exercise group (2308.6 ± 409.1 vs. 
2882.8 ± 532.3 mmHg/s), resulting in a significantly 
lower percent increase of the exercise group compared 
to the sedentary group (49 ± 7.2% vs. 63.2 ± 9.6%, 
p<0.05).

Fig. 2, panel B shows that baseline t63 was similar 
in both groups (44.71 ± 1.9 vs. 41.17 ± 1.43 ms), while 
ISO decreased t63 only in the sedentary group, indicat-

Lung
(mg)

LVW/TL
(mg/mm)

LVW/BW
(mg/g)

TL
(mm)

LV weight
(mg)

After
(g)

Before
(g)

Body weight

Sedentary

(n=9)	 ---	 31±0.9	 99±7	 18±0.1	 3.2±0.2	 5.4±0.4	 185±10.2

Exercise

(n=14)	 32±0.1	 31±0.6	 125±4 *	 18±0.1	 4.1±0.1 *	 6.9±0.2*	 210±10.5

Body weight before and after exercise. LV weight: left ventricular weight. TL: tibial length. LVW/BW: left ventricular weight to body weight ratio. LVW/TL: 

left ventricular weight to tibial length ratio. Lung: lung weight. * Significance p<0.05 vs. sedentary

Groups
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ing increased relaxation velocity (39.4 ± 1.6 vs 44.7 
± 1.9 ms, p<0.044), with no changes in the exercise 
group (41.17 ± 1.43 vs. 39.4 ± 1.59 ms). This resulted 
in a significantly lower percent decrease in the exer-
cise group (4.3 ± 1.7 vs. 11.7 ± 1.9%, p<0.024). 

Figure 3 shows that there were no significant dif-
ferences in interstitial collagen in both groups (2.3 ± 
0.3 vs.2.5 ± 0.3%).

DISCUSSION
In the present study, we have shown that mice sub-
jected to a chronic swimming protocol, equivalent to 
strenuous exercise, developed moderate cardiac hy-
pertrophy of 27.9±4.0% with no changes in collagen 
matrix. Baseline ventricular systolic function and iso-
volumic relaxation were similar in the exercise group 
and in the sedentary group. When the animals subject-
ed to the swimming protocol underwent β-adrenergic 
stimulation with ISO, inotropic, chronotropic and 
lusitropic reserve decreased. Inotropic reserve and 
lusitropic reserve were evaluated both in vivo in the 
anesthetized animal, and in vitro with an isolated iso-
volumic Langendorff perfused heart model. As this 
model requires a pacemaker to keep a constant heart 
rate, the chronotropic reserve was evaluated only in 

+dP/dtmax
(mmHg/s)

t63
(ms)

EDLVP
(mmHg)

LVSP
(mmHg)

HR
(bpm)

Sedentary

(n=8)	 301±16	 83±3	 8.97±0.6	 5315±405	 8.3±0.7

Exercise

(n=9)	 298±15	 102±9	 8.55±1.6	 6297±500	 9.3±0.6

HR: Heart rate. bpm: beats per minute. LVSP: Left ventricular systolic pressure. LVDP: Left ventricular diastolic 

pressure. +dP/dtmax: First derivative of left ventricular pressure. t63: isovolumic relaxation index t63. 

Baseline
ventricular function

Table 2. Baseline values of ven-
tricular function in the experi-
mental groups.

Fig. 1. Baseline values and inotropic, chronotropic and lusitropic response to ISO (56 ng/kg) of the two in vivo experimental groups. 
A. +dP/dtmax graph, where the blue bars represent the sedentary group and the light blue bars represent the exercise group. The first 
two bars show baseline values for each group, and the second bars show the response to ISO. B. Heart rate graphs, where the first two 
bars show baseline values for each group, and the second bars show the response to ISO. C. Isovolumic relaxation graphs, evaluated by 
the index t63, where the first two bars show baseline values for each group, and the second bars show the response to ISO. *p<0.05 vs. 
baseline; †p<0.05 vs. sedentary + ISO.
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vivo. Of interest, although many studies have evalu-
ated ventricular function during exercise, (3, 5, 7, 9, 
13) most of them have only assessment of baseline 
ventricular function without considering myocardial 
reserve. This aspect is particularly important, as the 
ability of the myocardium to respond to the metabolic 
requirements secondary to different activities of daily 
life needs an adequate capacity of response to sympa-
thetic stimulation mediated by catecholamines which, 
in other words, represents the ability to react to an ex-
tra-stimulus. (14-16) Only one published study evalu-
ated the inotropic and lusitropic reserve in animals 
subjected to strenuous exercise. (7) These authors 
found that baseline ventricular function was reduced 
in the exercise group compared to control and that 
inotropic and lusitropic reserve was preserved after 
the administration of ISO. These animals were sub-
jected to a protocol of strenuous exercise for a short 
period of time (7 days), and probably the myocardium 
did not have enough time to adapt to chronic exer-
cise. The type and duration of exercise in this protocol 
was different from the one used in our study, making 
comparisons difficult. However, these methodological 
disparities might explain the different results. 

Another important aspect to consider is the type 
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of myocardial hypertrophy developed after chronic 
exercise. In this sense, there is general agreement 
that exercise is a beneficial intervention for the heart 
because it develops a “physiological” or adaptive hy-
pertrophy, which is clearly different from the “path-
ological” or maladaptive hypertrophy secondary to 
different cardiac conditions, of which hypertension 
(5,17) and aortic stenosis (18) stand out as the most 
important. Adaptive hypertrophy is characterized by 
preserved ventricular function, absence of changes in 
collagen matrix and greater capillary density that is 
proportional to the increase in myocyte size. On the 

other hand, maladaptive hypertrophy presents nor-
mal or depressed ventricular function with reduced 
myocardial reserve, increased collagen matrix and de-
creased capillary density. (19)

During the last years, it has been noted that the 
major determinant of hypertrophy is not only the type 
of stimulus (exercise for adaptive hypertrophy or pres-
sure or volume overload for maladaptive hypertrophy) 
but also the intensity and type of exercise. (20) Ex-
perimental evidence suggests that mild to moder-
ate exercise stimulates adaptive hypertrophy, (5, 21) 
while strenuous exercise seems to generate maladap-
tive hypertrophy with the functional and structural 
characteristics previously described. Interestingly, the 
strenuous swimming protocol performed by mice in 
our study (9, 11) induced moderate hypertrophy with 
both adaptive and maladaptive characteristics, as the 
animals not only preserved systolic and diastolic ven-
tricular function and normal collagen matrix but pre-
sented significant reduction in inotropic, chronotropic 
and lusitropic reserve, as seen in maladaptive hyper-
trophy. As opposed to strenuous exercise, myocardial 
reserve has been well studied in maladaptive hyper-
trophy secondary to hypertension or aortic stenosis. 
(22, 23)

CONCLUSIONS
Our results show that mice subjected to strenuous 
exercise with a swimming protocol have different 
functional and structural aspects which do not allow 
a clear characterization of the type of hypertrophy at-
tained in the study, as it presented features of adap-
tive hypertrophy and reduced inotropic, chronotropic 
and lusitropic reserve characteristic of maladaptive 
hypertrophy.

Fig. 2. Baseline values and inotropic, chronotropic and lusitropic response to ISO (56 ng/kg) of the two in vitro experimental groups. A. 
+dP/dtmax graph, where the blue bars represent the sedentary group and the light blue bars represent the exercise group. The first two 
bars show baseline values for each group, and the second bars show the response to ISO. B. Isovolumic relaxation graph, evaluated by the 
index t63, where first two bars show baseline values for each group, and the second bars show the response to ISO. * p<0.05 vs. baseline.

Fig. 3. Bar graph representing the two experimental groups for 
quantification of interstitial collagen (percent collagen in the LV 
per field ). The blue bar represents the sedentary group and the 
light blue bar the exercise group.
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RESUMEN

Efectos del ejercicio intenso sobre la función ventricular 
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ca en ratones
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de ejercicio intenso no es del todo conocida.
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ca (respuesta inotrópica, cronotrópica y lusitrópica frente a 
un agonista ß-adrenérgico como el isoproterenol) luego de 
un tipo de ejercicio intenso tanto in vivo como in vitro en 
ratones.
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