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Aging is characterized by a progressive decline in cardiac function, but endurance exercise training has been shown to 
retard a number of deleterious effects of aging. However, underlying mechanisms by which exercise training improves 
age-related decrements in myocardial contractile function are not well understood. The purpose of this study was to deter-
mine the effects of exercise training on power output properties in permeablized (skinned) myocytes of old rats. Thirty-
month-old rats were divided into sedentary control (C) and groups undergoing 11 weeks of treadmill exercise training 
at moderate intensity (MI) and at high intensity (HI). Peak power output normalized to maximal force was significantly 
increased in MI but not in HI compared to C with significant increases in atrial myosin light chain 1 in ventricle. These 
results suggest that MI exercise training is beneficial as a significant increase was seen in the ability of the myocardium to 
do work, but this effect was not seen with HI training.
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Exercise training has been prescribed for the preven-
tion of cardiac disease as well as age-associated cardiac 

dysfunction (1,2). Favorable effects of exercise are seen in 
several parameters of cardiac function with age (3–5). For 
example, age-related prolongation of isometric contraction 
duration (5,6) and slowed early left ventricular filling dur-
ing diastole (3) were significantly attenuated after training. 
In addition, some studies (5,7), but not others (4), demon-
strated that time-to-peak tension development in isolated 
papillary muscle or trabeculae was significantly decreased 
in response to exercise training.

Most studies have demonstrated that maximal isometric 
tension and the maximum rate of tension generation (+dP/
dt) are unaffected either by aging (4,7–10) or exercise train-
ing (4,7,11). However, these properties of isometric tension 
development are not closely related to the ability of the 
ventricle to eject blood. At the cellular level, this ability to 
eject blood during systole is mainly regulated by the prop-
erties of shortening in the myocardium against load (loaded 
shortening velocity). These properties are described by the 
force–velocity relationship and by the force–power rela-
tionship in the myocardium. We previously demonstrated 
that power output is decreased in cardiac myocytes from 
33-month-old Fisher 344 ×  Brown Norway (F344BN) F

1
 

hybrid rats compared with 9 month young adults (12). In 

addition, we have previously demonstrated that, in young 
rats, exercise training was capable of altering the force–vel-
ocity properties and increasing power output of myocytes 
(13). However, it is not known if exercise training is cap-
able of minimizing the decrease in power output in myo-
cytes from aged rats. Thus, the objective of this study was to 
determine whether endurance exercise training can attenu-
ate the age-associated decline in power output properties 
seen in the myocardium of old rats.

One major difficulty in investigating the mechanisms of 
exercise effects in old animals is determining the proper 
exercise training intensity. Previous studies demonstrate that 
the extent of cardiac adaptation often depends on the exercise 
intensity used. For example, high-intensity (HI) training 
yields substantially larger effects on maximal oxygen 
consumption (VO

2max
), cardiac hypertrophy, cardiomyocyte 

contractility, and Ca2+ handling than moderate-intensity 
(MI) treadmill training in young rats (14,15). It is known 
that exercise capacity decreases with advanced age, and thus 
older animals may not be able to sustain a similar exercise 
intensity as that used to induce training adaptations in young 
animals. Low-intensity exercise training has been shown to 
have specific benefits such as lowering mean blood pressure 
and attenuating hypertension (16) and delaying the onset 
of heart failure and improving survival in spontaneously 
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hypertensive rats (17). Given the relative lack of information 
on adaptations to exercise in rats of this age and exercise 
intensity dependence of cardiac adaptations in aged rats, it 
was of interest to determine cellular adaptations to different 
exercise training stimuli in the hearts of rats of advanced 
age. We hypothesized that higher intensity training would 
induce greater exercise adaptations in the heart. Thus, we 
measured loaded shortening and power output properties in 
single myocytes from 33-month-old F344BN F

1
 hybrid rats 

after 11 weeks of treadmill exercise training at two different 
training intensities.

Methods

Animals
Thirty-month-old male F344BN F

1
 hybrid rats were 

obtained from the National Institute on Aging colony main-
tained by Harlan Sprague-Dawley (Indianapolis, IN) and 
studied after 11 weeks of treadmill exercise training. Animals 
were selected to represent senescent (ie, 33 month: ≈ 50% 
mortality) rats at the end of training study. The rats were 
individually housed in clear plastic cages in a temperature 
(21°C) controlled animal facility maintained on a 12:12-hour 
light/dark reverse cycle under the care of a full-time veteri-
narian. The rats were fed NIH31 diet (Teklad) and water ad 
libitum. Body weight was measured prior to the training for 
5 d/wk during the first 4 weeks and 2 d/wk for the remaining 
of the study. Food intake was monitored for 5 d/wk to deter-
mine the role of food intake in any exercise training effects.

Treadmill Exercise Training
Training was started 1 week after rats’ arrival to reduce 

the stress associated with shipping and acclimation to a 
new location. The rats were matched for body weight and 
assigned to a sedentary control (C) or an exercise training 
group (T). All rats (C and T) were acclimated to the treadmill 
for 1-week period. The rats were trained between 11:00 am  
and 1:00 pm., approximately 5 hours after dark cycle started. 
Starting the second week, the C rats were placed on the 
treadmill for 5 min/d once or twice per week. This was done 
to reduce the handling stress for the C animals on the day of 
sacrifice, as well as to control for the effects of daily animal 
handling. Rats assigned to the T group were run on the tread-
mill 5 d/wk for 11 weeks. All training sessions consisted 
of 5-minute warm-up at 8 m/min and were then followed 
by a given training intensity. The duration and intensity 
were initially 5 min/d at a speed of 3 m/min at a 5% grade, 
and progressively increased during the first 7 weeks. At 7 
weeks, the intensity, duration, and grade reached 13 m/min,  
35 min/d, and 10% grade, respectively. At 8 weeks 
(32 months of age), the T group was divided into two groups 
and these two groups were trained at different intensities for 
the remainder of the study. The HI rats continued at the same 
workload (13 m/min for 35 min/d at 10% grade), whereas 
the MI rats ran at a decreased exercise intensity (8 m/min for 

20 min/d at 10% grade) for the last 4 weeks. Three out of the 
original 19 rats were excluded from the study due to injury 
or growth of tumors. Therefore, 16 rats (MI: n = 5, HI: n = 5, 
and C; n = 6) were used for the results. Handling and eutha-
nasia were carried out under the guidelines of University of 
Wisconsin-Madison Animal Use and Care Committee.

There was at least a 48-hour rest between the last exer-
cise session and the sacrifice in order to avoid the influ-
ence of any acute exercise effect. The rats were anesthetized 
by inhalation of halothane, and the hearts were quickly 
excised. The heart was placed in ice-cold Ca2+-free relaxing 
solution, trimmed of atria, connective tissue, and vascular 
tissue. The ventricles were weighed and then separated into 
the left and right ventricle. Left ventricles were quickly fro-
zen and stored at −80°C for subsequent analysis.

Cardiac Myocyte Preparation, Force–Velocity and 
Force–Power Measurement

The experimental apparatus and the solutions used for 
contractile measurements on skinned myocytes prepara-
tions have been described previously (18). The protocol for 
force–velocity and force–power measurements was modi-
fied from previous methods (13). Briefly, all mechanical 
measurements were done at 15°C. Sarcomere length was 
set to 2.3  µm in relaxing solution, and it was monitored 
throughout the experiment to determine that it did not 
change significantly during activation using video micros-
copy. The shortening velocity of skinned myocytes was 
determined at varied loads. The myocytes were transferred 
into activating solution (pCa 4.5) and steady tension was 
allowed to develop. The myocytes were rapidly stepped to 
a specified force, which was maintained for 250 ms while 
changes in myocytes length were monitored (Figure 1A and 
B). Following the force clamp, the myocyte was rapidly 
slackened to reduce force close to zero and re-extended to 
its initial length. Ten to thirteen different force levels were 
carried out on given myocytes. Force was expressed normal-
ized to the peak force generated by that cell during a given 
activation (P/P

o
). If the maximal force declined below 80% 

of the initial maximal force during the experimental proto-
col, then that cell was discarded and the data were not used.

Analysis of Myosin Heavy-Chain Isoform Content
The relative amount of myosin heavy-chain (MHC) 

isoform of ventricular homogenates was determined with 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
technique as described previously (19).

Analysis of Myosin Light-Chain Isoform Content
We analyzed the relative amount of atrial versus ventricular 

myosin light chain 1 (MLC1) in heart homogenates by using 
two-dimensional gel electrophoresis. This method has been 
used previously to separate the ventricular and atrial isoforms 
of MLC1 in human (20,21), porcine (22), and rat (23,24) 
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myocardium. Frozen tissue was homogenized at 100 mg/mL 
in sample buffer (8 M urea, 2 M thiourea, 75 mM dithiothreitol, 
and 10 mM Tris, pH 7.0). The protein concentration of this 
homogenate was determined by using a Bio-Rad protein assay 
kit with bovine serum albumin as the standard. Isoelectric 
focusing was performed by using Bio-Rad’s Protean IEF 
cell and 11-cm precast IPG (immobilized pH gradient) gel 
strips (pH 3–10). Three hundred micrograms of protein in 
sample buffer plus 1.85% CHAPS (3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate) and 0.185% carrier 
ampholytes were loaded onto the strips via 1 hour of passive 
rehydration and 12 hour of active loading at 50 V and 20°C. 
The Bio-Rad IEF unit was programmed to rapidly ramp to 
250 V for the first 15 minutes, rapidly ramp to 6,700–7,000 V 
for the next 2.5 hours (limited to 50 mA/strip), and hold at 
peak voltage and 50 mA/strip for 35,000 V-h. Strips were held 
at 500 V at the conclusion of their run until removed from 
the power unit. Strips were incubated in equilibration buffers 
I  (125 mM Tris HCl, pH 6.8, 20% glycerol, 2% sodium 
dodecyl sulfate, 6 M urea, and 2% dithiothreitol) and II (Tris 
HCl, pH 6.8, 20% glycerol, 2% sodium dodecyl sulfate, 6 M 
urea, and 2.5% iodoacetamide) for 20 minutes each. After 
equilibration of the strips, second dimension polyacrylamide 
gel electrophoresis was performed by using 12.5% Bio-Rad 
Criterion precast gels with IPG 1 well combs, run at 20 
mA/gel for 45 minutes and 30 mA/gel for the duration of 
the run (2.5 hour total). Gels were stained by using a zinc 
stain (Pierce) and digitized by using a Kodak image station 
440CF. Sixteen exposures were summed to increase the 
signal-to-noise ratio. PDQuest software (Bio-Rad, version 
6.0) was used for gel image analysis. Identification of spots 
corresponding to atrial myosin light chain 1 (aMLC1) and 
ventricular myosin light chain 1 (vMLC1) were based on the 
predicted isoelectric point and molecular weight information 
as well as by comparison with previously published two-
dimensional gel analysis of these proteins (21) and our 
own previous results using these same methods (23,24). 
The predicted isoelectric point and molecular weight of 
rat aMLC1 is 4.97 and 21150.99 respectively, whereas the 
isoelectric point and molecular weight of vMLC1 is 5.03 and 
22025.01 (http://us.expasy.org).

Data Analysis
Length traces, force–velocity curves, and force–power 

curves were analyzed as previously described (13). Briefly, 
force and velocity data were fitted to the Hill equation (25)

P V P+ a + b = + a b,o( ) ( ) ( )

where P is the force at velocity V, P
o
 is the peak isometric 

force, and a and b are constants with dimensions of force 
and velocity, respectively. The maximum shortening 
velocity was determined from the y-intercept of the best-fit 
line, extrapolating a force–velocity curve based on raw data 
(Figure 1C). The force–power curve was then constructed as 

Figure 1.  Force (A) and length (B) traces from three force-clamp experi-
ments in a representative myocyte. After steady tension had developed in 
maximally activating solution (pCa 4.5), the servomotor was switched to 
force-control mode, and the force was stepped down to a preselected value, 
in this example, maximum isometric forces of 0.8, 0.5, and 0.3 of P

o
. Length 

changes during isotonic shortening at each load were fit by using linear 
regression, with the slope of the line taken as the velocity of shortening 
for that load. (C) Force–velocity curve in a single myocyte resulting from 
force-clamp experiments illustrated in A and B. A total of nine force-clamp 
measurements were done for this myocytes (•). Force and velocity data dur-
ing the clamp were plotted and then these points were fit to the Hill equation 
(line).
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the product of force value and velocity value at each load on 
the force–velocity curve. The force at which power output is 
optimal (F

opt
) was obtained by using the equation (26)

F Popt
2

o

1/2
= a + a - a.( )

Once F
opt

 was determined for each cell, we calculated the 
velocity at that force and used that value as V

opt
 (the velocity 

at which power is optimal). Data were fit to equations using 
commercial software (SigmaPlot, Jandel Scientific). Peak 
power output in each myocyte was taken from the highest 
power value on the fitted line. Power output in single myo-
cyte was normalized to cell mass using the following formula 
based on an elongated elliptical shape of the myocytes: mus-
cle mass volume (V) × density (D); V = L × W2/2667 pL−1 µm3, 
where V is in picoliter, L (length) and W (width) are in µm; and 
D = 1.065 (27). Power output was also normalized for maxi-
mal force and this value (P/P

o
 × ML/s) was given in Table 2.

Statistical Analysis
All data were expressed as mean and standard errors of 

means. A one-way analysis of variance was used for com-
paring among groups. Fisher’s least-significant difference 
procedures were used for multiple comparisons when anal-
ysis of variance test was significant. Differences were con-
sidered significant at p < .05. Tests were performed using 
SPSS version 11.

Results
The effect of exercise training on physical characteristics 

is presented in Table 1. There was no significant difference 
in body weight among groups prior to exercise training. 
However, rats from MI and HI groups decreased body weight 
significantly (p .05) after 11 weeks exercise training. Over 
the time course (from the age of 30 to 33 months) of this 
study, all three groups decreased body weight, but in trained 
groups (both MI and HI), the decline was much steeper than 
control. Significantly decreased body weight in both exercise 
groups are partially due to their lower food intake, especially 
during the period when the training intensity was gradually 
increased. However, food intake was not significantly dif-
ferent between MI and C during the last 4 weeks when the 
intensity of exercise was decreased in the MI group (data not 
shown). Exercise training had no effect on cardiac hyper-
trophy, indicated by absolute ventricular weight (VW), VW 
normalized by either body weight (VW/BW) or tibial length 
(VW/TL). Size of myocytes (length or width) used in con-
tractile measurements was not different between groups (data 
not shown). Citrate synthase (CS) activity of plantaris muscle 
homogenates from HI (p .05), but not MI, was increased by 
28% compared with C (MI and C did not significantly differ).

Table  2 and Figure  2 show mechanical properties for 
C, MI, and HI groups. We present two different ways of 
depicting the effects of training on the force–velocity and 
force–power relationship in skinned cardiac myocytes from 
C, MI, and HI (Table 2 and Figure 2) as described previously 
(12). First, data for each cell were fitted to the Hill equation 
as described in the Methods section. This analysis resulted in 
a value for maximal unloaded shortening velocity (V

max
) as 

well as a value for the term a/P
o
 (a measure of the curvature 

of the force–velocity curve). Conversion of force–velocity 
values to power output resulted in values for absolute peak 
power output (normalized for cell mass), peak power output 
(normalized for maximal force), F

opt
 (the relative force 

at which peak power was reached), and V
opt

 (the relative 
velocity at which peak power was reached). Force–velocity 
and force–power data were characterized for 45 cells from 
C, 51 cells from MI, and 49 cells from HI. These data are 
presented in Table  2 along with maximal tension data. 
Myocytes from MI yielded 97% greater peak power output 
(normalized to maximal force, P/P

o
 × ML/s) than C, but 

Table 1.  Effect of Exercise Training on Physical Characteristics in 
Aged Rats

Physical Characteristics C (n = 6) MI (n = 5) HI (n = 5)

BW (g)—Initial, 30 mo 592.75 ± 15.35 599.00 ± 12.22 579.28 ± 17.65
BW (g)—Final, 33 mo 560.85 ± 12.45 506.98 ± 13.11* 470.38 ± 15.00*
VW (g) 1.30 ± 0.03 1.35 ± 0.08 1.20 ± 0.04
TL (mm) 45.42 ± 0.25 45.40 ± 0.44 45.16 ± 0.27

VW/BW × 1000 2.32 ± 0.05 2.69 ± 0.21 2.56 ± 0.09

VW/TL × 1000 28.60 ± 0.72 29.85 ± 1.70 26.65 ± 0.92

Plantaris CS activity, 
(µmol/min/g wet wt)

12. 60 ± 0.67 12.15 ± 0.86 16.10 ± 1.02*,†

Notes: Values are mean ± SEM. n = number of rats per group; C = Control; 
MI = moderate intensity; HI = high intensity; BW = body weight; VW = ven-
tricular weight; TL = tibial length; CS = citrate synthase; SEM = standard errors 
of means. CS activity was assayed at 25°C. 

*p < .05, significantly different than C;. 
†p < .05, significantly different than MI group.

Table 2.  Mechanical Properties of Myocytes Isolated from c, mi, and hi Rats

Rats
Passive Force  

(µN)

Maximal 
Force  

(kN/m2) V
max

 (ML/s) a/P
o

Absolute Peak  
Power Output  

(µW/mg)

Peak Power Output  
(normalized to maximum  

force; P/P
o
 × ML/s) F

opt
 (P/P

o
) V

opt
 (V/V

max
)

C (n = 45) 0.88 ± 0.18 11.58 ± 7.39 0.96 ± 0.28 0.20 ± 0.10 2.32 ± 1.45 0.069 ± 0.008 0.29 ± 0.01 0.016 ± 0.06
MI (n = 51) 0.76 ± 0.218 12.59 ± 5.67 1.01 ± 0.33 0.31 ± 0.07* 2.46 ± 1.29 0.136 ± 0.015* 0.33 ± 0.01 0.020 ± 0.07
HI (n = 49) 0.81 ± 0.17 10.05 ± 6.42 0.88 ± 0.23 0.34 ± 0.05* 2.69 ± 1.85 0.0915 ± 0.011 0.31 ± 0.01 0.019 ± 0.08

Notes: All mechanical measurements were done at 15°C. Values are mean ± SEM. *—Significantly different at p < .05 from C. n = number of cells; Passive force 
was measured in pCa 9.0 solution. Maximal force was measured in pCa 4.5 solution. ML = muscle length (measured after attachment); V

max
 = maximal unloaded 

shortening velocity; a/P
o
 = measure of the curvature of force–velocity relationship with lower values indicating a greater curve; Peak power output was the highest 

power determined from best-fit line; P/P
o
 = force relative to maximum isometric force; F

opt
 = relative force at which power output was optimal; V

opt
 = relative velocity 

at which power output was optimal; C = Control; MI = moderate intensity; HI = high intensity; SEM = standard errors of means.
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1182	C HUNG and DIFFEE

Figure 2.   (A) Composite force–velocity curves from control (C), moderate-intensity (MI), and high-intensity (HI) myocytes. Data were compiled from 45 C, 51 MI, and 49 
HI myocytes. Isotonic shortening velocity values at each load were averaged from all myocytes in each group. Data points indicate mean and error bars indicates standard errors of 
means for velocity. • and dashed line = C; o and solid line = MI, ▲ and and dotted line = HI. Lines are the best-fit regression line using the Hill equation as described in the Methods 
section.(B) Composite force–power curve constructed from force–velocity data. In each myocytes at each load, force values (expressed as P/P

o
) were multiplied times mean velocity 

values (expressed ML/s) to result in a value of power output for that load. Lines are the best-fit regression line using the Hill equation as described in the Methods section. Peak power 
output was taken from the highest point in the best-fit line. • and dashed line = C; o and solid line = MI, and ▲ and dotted line = HI.
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there were no significant differences in peak power output 
normalized to maximal force between HI versus C. Neither 
maximal unloaded shortening velocity (V

max
) nor maximal 

force or passive force was different between any of the 
groups, but a/P

o
 was significantly greater in both trained 

groups compared with the sedentary groups.
Along with Table 2, which provides quantifiable data that 

can be summed between animals, we present composite 
force–velocity and force–power curve to illustrate cell-to-
cell variability in response to exercise training. Figure 2A 
is composite force–velocity curve showing mean ± stand-
ard errors of means velocity at each relative force (P/P

o
) 

value for all of the HI (n = 49), MI (n = 51), and C (n = 45) 
myocytes. Mean force and velocity data were then fit with 
the Hill equation, shown by solid, dashed, and dotted lines. 
Figure 2B shows a composite force–power curve with mean 
± standard errors of means values obtained by multiplying 

the velocity values times force values for each force clamp. 
For this analysis, peak power output normalized maximal 
force was 0.13 P/P

o
 × ML/s in HI myocytes, 0.17 P/P

o
 × 

ML/s in MI myocytes, and 0.11 P/P
o
 × ML/s in C myocytes.

The effects of exercise training on cardiac MHC isoform 
content in ventricular homogenates from C, MI, and HI rats 
are presented in Figure 3A and × 3B. The percent × -MHC 
content was not different among groups in 33-month-old 
F344BN F

1
 hybrid rats. To determine changes in expression 

of aMLC1 compared with vMLC1 isoforms, we performed 
two-dimensional electrophoretic analysis of homogenates 
from hearts of C, MI and HI rats (n = 6/group) and from atria. 
A representative two-dimensional gel is shown in Figure 4A. 
The highlighted area was analyzed for the presence of 
aMLC1 and vMLC1 based on the predicted isoelectric point 
and molecular weight of these two isoforms. A  magnified 
image of this region of the gel is shown in Figure 4B. Mean 

Figure 3. (A) Representative 6% sodium dodecyl sulfate–polyacrylamide gels showing the distribution of myosin heavy-chain (MHC) isoforms in ventricular 
homogenates from control (C), moderate-intensity (MI), and high-intensity (HI) rats. Lane 1 is from C, lane 2 is from HI, and lane 3 is MI. There is no significant 
difference among groups. (B) Bar graph represents mean with standard errors of means of the percent -MHC in ventricular homogenates from C, MI, and HI rats.
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1184	C HUNG and DIFFEE

data for six animals from each group show that there was 
no detectable aMLC1 protein in C ventricles, whereas in 
MI animals, aMLC1 increased to 11.7 ± 2.2% of the total 
MLC1, and in HI ventricles, aMLC1 increased to 7.9 ± 2.8% 
of the total MLC1. This difference is statistically significant 
between MI and C and between MI and HI (p < .05).

Discussion
The novel finding of this study is that the contractile 

function in myocytes from hearts of aging rats, character-
ized by increased peak power output (normalized to maxi-
mal force), is increased by endurance exercise training, but 
this improvement in function depends on the intensity of the 
exercise training. We had previously shown that aging was 
associated with a decline in myocyte power output (12); but, 
in the present study, a more moderate training stimulus (MI 
group) significantly ameliorates the previously seen age-
associated decline in power output. However, a higher level 
of training stimulus (HI group) had no significant effect on 
power output. To our knowledge, this is the first study to 
demonstrate that exercise training, initiated at an advanced 
age, is capable of improving the age-associated decrease in 
the capacity of the myocardium to perform external work.

We saw no effect of exercise training on either passive 
force or maximal force. We previously saw no age-related 
fall in myocyte maximal force (12), and the present study 
showed no effect of exercise on the maximal force. In 

contrast, we did observe that training, regardless of inten-
sity, increased the term a/P

o
, a measure of the curvature of 

the force–velocity curve. We previously demonstrated an 
age-related decline in a/P

o
 and exercise training apparently 

reduces this age-related effect. However, the a/P
o
 term is 

usually related to both F
opt

 (the relative force at which peak 
power is reached) and V

opt
 (the relative velocity at which 

peak power is reached), and we saw no significant effect of 
training on these values.

Exercise Training in Old Animals
The longer lived F344BN F

1
 rat strain has improved the 

ability to study age-related changes in a rat model. However, 
the study of exercise training adaptations in these rats has 
proven challenging, due to the reduced exercise capacities 
of these very old rats. It seems clear that it is not feasible 
to merely impose upon aged rats a similar treadmill training 
protocol (eg, 26 m/min for 1 h/d for 12 weeks) as those used 
in many younger rat studies (13). For example, Mace and 
colleagues (28) investigated the effect of exercise training on 
cardiac adaptation in F344BN F

1
 rats, but they reported the 

results with wide range of ages (27–31 months) and varied 
training period (8–11 weeks). Betik and colleagues (29) used 
interval treadmill exercise training in 29-month-old F344BN 
F

1
 rats, which consisted of 8 minutes at a base velocity 

followed by a 2-minute interval of higher velocity than basal 

Figure 4.  Results of two-dimensional electrophoresis analysis of aMLC1 protein expression in trained and control ventricular tissue. (A) Whole-gel results of 
first-dimension isoelectric focusing using a pH 3–10 gradient and second-dimension sodium dodecyl sulfate–polyacrylamide gel electrophoresis with a 12.5% acryla-
mide gel. (B) Close-up of the aMLC1/vMLC1 region of gels (box in A) used for analysis. Shown are representative gels using homogenates from control atrial tissue, 
ventricular tissue from control (C), moderate-intensity (MI), and high-intensity (HI) animals. Identification of aMLC1 and vMLC1 is based on predicted isoelectric 
point and molecular weight values for these proteins as well as previously published two-dimensional electrophoretic analyses of these proteins.
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velocity. When rats reached 31  months old (after 8 weeks 
of training), the exercise protocol was modified to 4 d/wk to 
allow more recovery time to the senescent rats (29). Olfert 
and colleagues (30) stated that most of the older F344BN F

1
 

rats (35 months of age) in their study were physically unable 
to move faster than 8 m/min, partially due to the mechanical 
inefficiencies associated with their locomotion. In our study, 
we modified our treadmill training protocol to provide a lower 
intensity training program for some of the rats to ensure that, 
if rats could not complete the HI program, there would at 
least be one group of animals that completed the training. 
Contrary to our hypothesis, it was this MI group that showed 
the greatest adaptation to the exercise.

Effects of Moderate-Intensity Versus 
High-Intensity Exercise

Exercise training studies in young animals generally 
show that higher intensity endurance training promotes 
beneficial cardiovascular adaptation. But, in our study, the 
more MI training stimulus increased myocyte power out-
put. The reasons why HI exercise training failed to increase 
peak power output in old rats are not clear. The interpreta-
tion of this result is complicated by the way we conducted 
our training protocol, since the two groups had the same 
training protocol except for the last 4 weeks. Thus, it is not 
clear whether the cellular alterations occurred early in the 
training in both groups and then the MI rats were able to 
maintain that training effect while those alterations may 
have been minimized or reversed in the HI group during the 
higher intensity training. In any case, our results do indi-
cate that cellular changes in the hearts of aging rats may 
vary with the training stimulus. There is some evidence 
from previous studies that, in aged animals, less intense 
exercise training has beneficial effects. For example, mod-
erate intensity exercise training, using a protocol similar 
to our MI protocol, initiated at 31  month in F344BN F

1
 

rats, was shown to ameliorate age-associated extracellular 
matrix remodeling and decreased fibrosis (31). Moreover, 
low intensity of swimming training in old rats improves 
endurance capacity with an increase in antioxidant defense 
system, whereas MI to HI exercise does not induce such 
protective effects (32). Thus, in aged animals, a lower 
intensity training program may be more effective at pro-
moting positive myocardial adaptations.

It is interesting that, in our study, MI training elicited 
positive adaptations in myocyte function without 
accompanying changes in other indices of endurance 
exercise training. One of the hallmarks of endurance 
training has been thought to be an increase in skeletal 
muscle oxidative capacity, often represented by an increase 
in CS activity. In our study, we found that only rats from the 
HI group had a higher plantaris muscle CS activity (a 28% 
increase) compared with C, but MI training did not change 
CS activity. These results agree with a previous study 
showing that a low-intensity exercise training program 

delays the onset of decompensated heart failure without 
change in skeletal muscle CS activity (17), but a relatively 
HI exercise training increased CS activity in old rats (5). 
These earlier results, along with the results of the present 
study, suggest that, in some populations (such as aged), 
there is less coupling between exercise-induced increases 
in skeletal muscle oxidative capacity and exercise-induced 
cardiac adaptations.

Another hallmark of endurance exercise training is the 
induction of cardiac hypertrophy (33). However, 11 weeks 
of treadmill training in aged rats did not increase absolute 
ventricular weight (VW), VW normalized by either body 
weight (VW/BW) or tibial length(VW/TL), which nor-
mally used for indices of cardiac hypertrophy. Again, this 
may represent a clear difference between endurance exer-
cise adaptations in aged animals compared with young ani-
mals. It is generally accepted that the aging heart undergoes 
a modest degree of hypertrophy (8,9), but other studies have 
also seen no additional increase in response to exercise 
training (3,5,6). This is contradictory finding from young 
rats that exercise training induces cardiac hypertrophy 
(13,34). The results from CS activity and physical charac-
teristics of aged rats suggest that the mechanisms of adapta-
tion to exercise in old animals are quite different compared 
with young animals.

Potential Molecular Mechanisms
To explore possible molecular mechanisms of the MI 

exercise-induced increased power output properties, we 
investigated MHC isoform content that has been previ-
ously shown to be associated with changes in power output 
properties (35). MHC isoform content appears to be highly 
correlated with cardiac function (36,37), and it is thought 
that increases in α-MHC can be beneficial in a setting of 
poor contractile function (38). With age, the normal rodent 
heart undergoes a shift in MHC isoform characterized by 
decreasing α-MHC and increasing β-MHC. Previous stud-
ies have suggested that the increase in β-MHC isoform 
content with aging is associated with decreases in maximal 
unloaded shortening velocity and the rate of shortening 
(39,40) without affecting the maximal tension generation 
ability (40,41). However, our results indicated that MHC 
isoform content was not altered by exercise training, which 
agrees with previous studies in old rats (42,43).

Previous studies have suggested that other modifications 
in regulatory proteins associated with exercise training 
might alter the myocyte power output in the absence of 
changes in the MHC isoform content. Phosphorylation of 
cTnI and cMyBP-C following treatment with protein kinase 
A has been shown to increase power output in rat skinned 
cardiac myocytes (44), and exercise training increases 
basal levels of protein kinase A-induced phosphorylation 
of myofibrillar proteins in porcine myocardium (45). We 
previously determined that, in young rats, exercise training 
is capable of increasing aMLC1 expression in ventricular 
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myocardium (23,24). In the course of development, MLC 
expression changes in ventricular tissue from the atrial form 
to the ventricular isoform. However, aMLC1 expression has 
been shown to increase in pathological conditions (46) and 
following exercise training (23,24). In the present study, we 
found that MI exercise training induced a significant increase 
in aMLC1 content in ventricular myocardium, whereas HI 
training induced a smaller increase. As increases in aMLC1 
have been correlated with increased Ca2+ sensitivity of 
tension (24), increased maximal shortening velocity (47), 
and increased power output (48), this increase in aMLC1 
content may provide a mechanism for the increase in power 
output in the MI myocytes. However, it remains to be 
determined (a) why MI exercise training has a differential 
effect on aMLC1 expression compared with HI and (b) why 
the small increase in aMLC1 content in HI myocytes did 
not result in an increase in power output.

Implications for Whole-Heart Function
It is not clear what the implications of our findings of 

increased power output in the MI myocytes are for whole-
heart or whole-animal function. The relationship between 
loaded shortening (and thus power output) in the myo-
cardium and the ability of the heart to eject blood would 
suggest that MI exercise training in our study, but not the 
HI exercise, improved the whole-heart function. But there 
is no information about the effect of exercise training on 
intact heart function in these very old rats. In addition, 
there is little information about the effect of exercise train-
ing in these very old animals on indices of general cardio-
vascular function, such as VO

2max
. Previously, Olfert and 

his colleagues (30) measured peak oxygen consumption 
(VO

2peak
) of F344BN F

1
 rats and demonstrated that VO

2peak
 

decreases linearly with age. However, the workloads asso-
ciated with VO

2peak
 in Olfert and his colleagues (30) were 

much lower than the work intensity of both the MI and 
HI rats in the present study. Thus, there appears to be the 
need to characterize whole-body as well as whole-heart 
response to exercise training in these very old F344BN 
F

1
 rats.
In summary, the present study demonstrates that MI exer-

cise, rather than the more commonly used HI exercise, is 
able to induce cellular adaptations that may improve func-
tional capacity without eliciting an increase in common 
markers of endurance training (ie, CS activity) in old ani-
mals. MI increased peak power output normalized to maxi-
mal force, but HI did not improve power output properties 
in old rats. Increased peak power output induced by MI 
occurs in the absence of shift in MHC isoform content but 
may be related to an increase in aMLC1 expression.
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