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Functional and Muscle Size Response to
5 Days of Treadmill Training in Young Rats

Alon Eliakim, Mark Y. Moromisato, David Y. Moromisato,
and Dan M. Cooper

In this study, the hypothesis that improvements in functional and structural
measures could be detected in the young, female rat with only 5 days of mod-
erate treadmill training was tested. Eight-week-old female Sprague-Dawley
rats were divided randomly into control (n = 10) and training groups (n = 11).
Over the 5-day period, running duration and treadmill speed increased pro-
gressively. Maximal running time and gas exchange were measured on Day 6.
In trained compared with control rats, maximal running time was 54% greater
(p <.005), right hindlimb muscle was 16% heavier (p < .01), and end-exercise
respiratory exchange ratio (RER) was 17% lower (p < .05). Substantial meta-
bolic and structural adaptations occurred in young female rats after only 5
days of treadmill training. This protocol may be useful in discovering the
initiating mechanisms of the training response in the young organism.

Exercise and physical activity modulate tissue anabolism (e.g., muscle hyper-
trophy) and catabolism (e.g., disuse atrophy), but the underlying processes involved
in these responses, particularly in the young developing organism, are not fully un-
derstood. The growth hormone—insulin-like growth factor-I (GH-IGF-I) axis seems
to play a role since there is increasing evidence that the “fit state” is marked by higher
circulating levels of GH and IGF-I (7, 9, 11). However, a sudden imposition of a
training intervention might, in the short term, lead to a reduction in the same circulat-
ing growth factors, even in the presence of local tissue growth (e.g., muscle hypertro-
phy) (5). More recent investigations have focused on molecular mechanisms includ-
ing the role of growth factors like IGF-I at the local tissue level (4, 12) and the factors
that trigger increases in oxidative capacity (1). Such studies usually require direct
tissue sampling and, therefore, the use of animal models such as the rat.

The majority of protocols in the rat consist of training periods lasting at least
4 weeks. Protocols of this duration are problematic for developmental scientists.
The primary reason is that 4 weeks in the life of a young rat spans a much longer
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developmental stage than does 4 weeks in the human (e.g., puberty in the rat is
completed by about postnatal Day 45). Moreover, it would be critically important
to determine the friggering factors or earliest signals and messengers through which
mechanical work alters cellular growth in the intact organism, and how these fac-
tors are affected by maturational state. Even in those recent studies that are fo-
cused on the earliest training responses (e.g., Town and Essig [10]) there is virtu-
ally no information about whether cellular adaptations were associated with func-
tional or cardiorespiratory responses, such as maximal treadmill running time or
maximal oxygen uptake (VOzmax).

In the present report, we tested the hypothesis that functional indices of train-
ing could be detected in the young, female rat within 5 days of moderate treadmill
training. The aim of the study was to test a short-duration training protocol. This
protocol could be used to investigate the initial cellular and molecular events that
lead to the training effect in the young, still developing organism.

Methods

The study was approved by the institutional review board at Harbor-UCLA Medi-
cal Center, and all national principles of laboratory animal care were adhered to. In
designing this study, we took into consideration our previous experience that the
cooperation of rats in treadmill training and in the performance of maximal tests is
quite varied. Endurance training is performed in an open system, and approved
interventions (such as noise or other mild electrical or tactile stimuli) can be used
if the animal stops running before the session is completed. In contrast, VOzmax is
measured in a closed system, and little can be done when a particular rat simply
stops running. Interestingly, the unwillingness of a given rat to complete a maxi-
mal test is, in our experience, more common after the animal is accustomed to the
treadmill (i.e., untrained rats appear to give maximal efforts more readily than do
some trained rats). Finally, those rats unwilling to complete maximal tests are easy
to distinguish: They stop running very early on at relatively low speeds, often
lower than those that had been successfully completed by the same rat during the
endurance training phase of the studies.

Sample Population

Twenty-six 8-week-old female Sprague-Dawley rats participated in the study. All
rats were housed in steel cages and kept on a 12:12 hour light—dark schedule. Food
and water was provided to all rats ad libitum. Rats were brought to the laboratory
7 days before the protocol began so that they could become familiar with their
surroundings (e.g., treadmill) and handlers. The rats were weighed at the begin-
ning and at the end of the experimental period.

Rats were divided randomly into control (n = 10) and training groups (n =
16). We chose an unequal number because, as noted above, we anticipated that 4—
5 of the rats in the training group would not be willing to complete the training,
perform a maximal test, or both. The training protocol consisted of the following
schedule:

o Day 1: 21 m/min for 30 min
o Day 2: 21 m/min for 45 min
o Day 3: 24 m/min for 45 min



326 — Eliakim, Moromisato, Moromisato, and Cooper

* Day 4: 24 m/min for 60 min
* Day 5: 27 m/min for 60 min

No inclination was used throughout the training protocol,

At the end of the training period, rats from each group underwent a progres-
sive treadmill exercise test to exhaustion in order to determine VO, max and maxi-
mal running time. Because untrained rats were unfamiliar with the treadmill, they
were allowed 5-min periods of low-speed treadmill running (10 m/min, equivalent
to a very slow run) on the day before the VOzmax test. Four hours after the VOzmax
test, the animals were killed. The whole hindlimb musculature (from its origin to

its insertion) was carefully dissected from bone and other tissues.

Measurements of VOzmax and Maximal Running Time

As previously described (3), gas exchange was measured using an open-circuit, con-
stant room air flow-through system in which flow was measured using pneumo-
tachographs, and O, CO,, and N, concentrations were measured with a mass spec-

to-maximal exercise differences as: RER(max — rest) = VCOz(max - rest)/VOz(max
— rest). Maximal running time was taken as the total running time following the
initial 4-min acclimation period.

Statistical Analysis

determine the correlation between running time and VOz(max — rest). Data are
presented as mean + SE. Statistical significance was taken at p<.05.
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Somatic Growth

There were no significant differences in body weight between control and trained
rats at the beginning of the experimental period. In both control and trained rats
over the experimental period, there was a significant increase (p <.0009) in body
weight (control, 208.5 £3.0 g t0 223.9 5.8 g; trained, 211.6 +2.9 gt0226.3 +
4.9), but this increase did not differ between the two groups.

Hindlimb Muscle Weight

Right hindlimb muscle weight was significantly greater (p < .02) in trained rats
following the 5 days of training (Figure 1). We also analyzed the difference in
muscle hindlimb weight between control and trained rats including the 5 trained
animals who had failed to perform the maximal exercise protocol. There contin-
ued to be a highly significant difference in muscle hindlimb weight between the
control and trained groups (trained animals, n=16,5.5% 0.13 g, virtually the same
value as for the trained animals, n = 11, shown in Figure 1).

Maximal Running Time and Gas Exchange Measurements

Maximal running time was correlated with VOz(max — rest) (r = .62, p < .002).
Maximal running time was significantly greater in the trained versus untrained rats
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Figure 1 — Effect of treadmill training on hindlimb muscle weight, maximal running
time, VOz(max — rest), and end-exercise respiratory exchange ratio [calculated as
VCO,(max — rest)/VO,(max —rest)] in control (open boxes) and trained (hatched boxes)
rats. Muscle weight and maximal running time were significantly greater and end-
exercise R was significantly lower in the trained rats. *p < .05.
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(Figure 1). Resting VOZmax was greater in the control rats but not significantly so
(228 £ 1.6 vs. 19.8 + 1.7 ml - min"' - kg in control and trained rats, respectively).
There were no significant differences in VOzmax (47+1.6vs.484+32ml- min"' -
kg in control and trained rats, respectively) and RERmax (0.93 + 0.03 vs. 0.9 + 0.04
in control and trained rats, respectively) between the groups. VO,(max — rest) was
greater in the trained rats, but not significantly so (Figure 1). RER(max — rest) was
significantly greater in the control rats, even though their running times were signifi-
cantly less than in the trained animals.

Discussion

This study demonstrates that 5 days of endurance type treadmill training in female
rats resulted in increased maximal treadmill running time and a greater hindlimb
muscle weight. The protocol was feasible in most of the young female rats, and
represented a relatively moderate training input. This is important because it is
unlikely that either rats or children would be capable of successfully completing
the brief but intensive training protocols that have been used in cooperative adults,
such as reported by Green et al. (6), whose subjects performed cycle ergometry for
2 h per day at work rates comparable to 67% of VO2max.

The control animals had a higher RER(max — rest) at the end of maximal exer-
cise, even though the running time was significantly less and VO, (max — rest) tended
to be lower than in the trained group. RER values tended to be lower than what might
have been expected for maximal efforts. Although we have no ready explanation for
this, it is possible that after 5 days of training rats improve functional capability, but
still do not easily exercise to their true maximal values. Indeed, as noted, it is our
experience that the maximal exercise test is stressful for the rat.

We did not measure serum lactate in these rats. However, it is known that
lactic acidosis during exercise is accompanied by increased CO, production (due
to the buffering of lactic acid) and an increase in RER(max — rest). Thus, to the
extent that RER(max — rest) reflects high-intensity and, possibly, anaerobic me-
tabolism, substantial changes in muscle size, metabolic response, and cardiorespi-
ratory function were observed with only 5 days of training.

In designing this protocol, we considered a number of methodological factors.
First, as noted above, an important, but not often discussed problem is the variability
among rats in their ability or willingness to participate in training protocols and to
perform maximal tests. Five of the original 16 trained rats completed the training but
failed to perform a maximal test. It is noteworthy that a training effect was observed in
all the training group rats by an increased hindlimb muscle weight, this despite the
absence of maximal functional data for comparison with control animals.

The training protocol had to be intense enough (o resuit in a measurable
training effect, but not too intense to cause high dropout rate from the program.
The fact that all of the rats completed the training program with a demonstrable
training effect indicates that this goal was accomplished with the present protocol.
Nor, subjectively, did we need to rely excessively on devices like tactile or electri-
cal stimuli for the rats to complete the training protocol. This is important because
a protocol that is very stressful could lead to physiological responses other than
those associated solely with training. In our experience, and from our discussions
with other investigators, it seems that female rats generally participate more “will-
ingly” in training protocols than do male rats; and young rats are more cooperative
than old. Documentation for this hypothesis is not currently available.
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Finally, although under ideal circumstances we would have performed both
pre- and post-maximal-exercise testing, we purposefully subjected each rat to only
one maximal test (at the end of the experimental period). We did this for several
reasons: First, the performance of a maximal test could, in and of itself, be a suffi-
cient stimulus to trigger some of the cellular components of the training response.
Second, since the maximal test is, in our experience, stressful for the rat, we were
concerned that by beginning with a maximal test we would further reduce the
number of rats willing to undergo the training itself. However, we recognize that
by not performing maximal tests before and after the training protocol, we limited
our ability to guage the effectiveness of training.

Although we hypothesized that the short, but relatively intense, training pro-
tocol would increase functional indices of exercise performance, we were sur-
prised to find significant differences in hindlimb weight after such a short period
of training. Our data suggests that at least part of the early training response to
running exercise is related to muscle size. In the present study we did not deter-
mine muscle water or protein content, or mitochondrial enzyme activity which can
contribute to the increased muscle size in the trained rats.

Chromiac et al. (2) demonstrated elevations in mitogenic growth factors in
serum and muscle-derived extracts from rats after only 7 days of climbing a verti-
cal grid with progressively greater loads. In studies from DeVol et al. (4) and our
own laboratory (12) involving longer training intervals, increases in local muscle
IGF-1, a growth factor known to stimulate muscle growth were observed. Thus, to
the extent that growth factors like IGF-I regulate the muscle hypertrophy that ac-
companies training, we hypothesize that differences in growth factor gene expres-
sion could be detected by as early as five days of training.

Town and Essig (10) examined the effect of treadmill training of different
intervals on muscle mitochondrial enzymes. They showed increased aminolevulinate
synthase (ALAS) activity after only 3 days of training in young rats, and elevated
cytochrome oxidase activity following 7 days of training. They also noted that
ALAS activity was actually lower after 28 days of training compared with 7 days,
although a statistical analysis was not presented. Thus, as reviewed recently by
Booth and Thomason (1), the molecular response to training is characterized by
gene expression, and by translational and post translational steps which likely vary
with the duration and intensity of the training input.

Although maximal running time was correlated with VO (max — rest) and
maximal running time was greater in the trained rats, VOz(mak — rest) was not
significantly greater in the trained compared with the control group. It is, of course,
possible that the variability among the rats was too great to detect the magnitude
of change in \702(max — rest) resulting from the 5 days of training. Indeed, maxi-
mal running time was 54% greater in the trained rats compared with the control
rats, while VOzmax was only 18% greater (again, but not significantly so). Itis also
possible that the ability of the rats to run longer may have resulted from a learned
improvement in running efficiency such that greater running times were achieved
at less oxygen cost. Nonetheless, the observations of greater muscle size and lower
peak RER at greater efforts in the trained rats suggests that both anabolic and
metabolic adaptations had occurred during the 5 days of training.

In summary, we devised a brief treadmill training protocol for young female
rats that led to longer maximal running times, lower respiratory exchange ratios at
peak exercise, and increased hindlimb muscle size compared with control, untrained
rats after only 5 days of training. All rats completed the training with a minimal
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need for prodding; however, 31% of the rats in the original training group did not
perform an acceptable maximal test at the end of the training period. The long-
term consequences of exercise training during childhood has been a focus of re-
search in this and other laboratories (e.g., 3, 8), but the duration of training inter-
vention often encompasses much, if not all, of the period of maturation in the rat.
The protocol described here may be useful in studies designed to probe the trigger-
ing cellular and molecular events that lead to the variety of cellular adaptations
comprising the training effect in younger organisms.
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