Fax to: +496221/487-68955 @\ Springer

Dietgard Strecker
Springer Heidelberg, Heidelberg

From:
Re: European Journal of Applied Physiology DOI 10.1007/s00421-004-1237-8

Effects of voluntary wheel running and amino acid supplementation on skeletal muscle of mice
Authors: Pellegrino ‘- Brocca - Dioguardi - Bottinelli - D’ Antona

I. Permission to publish

Dear Dietgard Strecker,

I have checked the proofs of my article and
O I have no corrections. The article is ready to be published without changes.
O I have a few corrections. I am enclosing the following pages:

O I have made many corrections. Enclosed is the complete article.

I1. Offprint order

O Offprint order enclosed Q I do not wish to order offprints

Remarks:

Date / signature

II1. Copyright Transfer Statement (sign only if not submitted previously)

The copyright to this article is transferred to Springer-Verlag (for U.S. government employees: to the extent
transferable) effective if and when the article is accepted for publication. The copyright transfer covers the
exclusive right to reproduce and distribute the article, including reprints, translations, photographic reproductions,
microform, electronic form (offline, online) or any other reproductions of similar nature.

An author may self-archive an author-created version of his/her article on his/her own website and his/her
institution’s repository, including the final version; however he/she may not use the publisher’s PDF version
which is posted on www.springerlink.com. Furthermore, the author may only post his/her version provided
acknowledgement is given to the original source of publication and a link is inserted to the published article
on Springer’s website. The link must be accompanied by the following text: “The original publication is available
at www.springerlink.com.” Please use the appropriate DOI for the article (go to the Linking Options in the
article, then to OpenURL and use the link with the DOI). Articles disseminated via SpringerLink are indexed,
abstracted and referenced by many abstracting and information services, bibliographic networks, subscription
agencies, library networks, and consortia.

The author warrants that this contribution is original and that he/she has full power to make this grant. The
author signs for and accepts responsibility for releasing this material on behalf of any and all co-authors.

After submission of this agreement signed by the corresponding author, changes of authorship or in the order
of the authors listed will not be accepted by Springer.

Date / Author’s signature



Journal: European Journal of Applied Physiology
DOI: 10.1007/s00421-004-1237-8

Offprint Order Form

* To determine if your journal provides free offprints,
please check the journal’s instructions to authors.

*  You are entitled to a PDF file if you order offprints.

» Please specify where to send the PDF file:
O gdantona@unipv.it

» If you do not return this order form, we assume that
you do not wish to order offprints.

* Ifyou order offprints after the issue has gone to press,
costs are much higher. Therefore, we can supply
offprints only in quantities of 300 or more after this
time.

* For orders involving more than 500 copies, please ask
the production editor for a quotation.

Please note that orders will be processed only if a credit card number has been
provided. For German authors, payment by direct debit is also possible.

Please enter my order for:

Copies Price EUR Price USD
Q 50 370.00 405.00
Q 100 465.00 510.00
Q 200 645.00 710.00
a 300 825.00 910.00
Q 400 1,025.00 1,130.00
Q 500 1,225.00 1,350.00

Please charge my credit card

O Eurocard/Access/Mastercard
O American Express

O Visa/Barclaycard/Americard

Number (incl. check digits):

Valid until: __ /

Date / Signature:

I wish to be charged in 1 Euro Q1 USD

Prices include surface mail postage and handling.
Customers in EU countries who are not registered for VAT
should add VAT at the rate applicable in their country.

VAT registration number (EU countries only):

For authors resident in Germany: payment by direct
debit:

I authorize Springer to debit the amount owed from
my bank account at the due time.

Account no.:

Bank code:

Bank:

Date / Signature:

Send receipt to:

O G. D'Antona
University of Pavia
Inst. Human Physiology
Dept. Experimental Medicine
6 Via Forlanini
Pavia
27100, Italy

Ship offprints to:

QO G. D'Antona
University of Pavia
Inst. Human Physiology
Dept. Experimental Medicine
6 Via Forlanini
Pavia
27100, Italy




European Journal of Applied Physiology
© Springer-Verlag 2004
DOI 10.1007/s00421-004-1237-8

Original Article

Effects of voluntary wheel running and amino acid
supplementation on skeletal muscle of mice

Maria Antonietta Pellegrino - Lorenza Brocca - Francesco Saverio Dioguardi - Roberto
Bottinelli - Giuseppe D’Antona ()

M. A. Pellegrino - L. Brocca - R. Bottinelli - G. D’ Antona
Department of Experimental Medicine, Human Physiology Unit, University of Pavia, Via Forlanini
6, 27100 Pavia, Italy

F. S. Dioguardi
Department of Internal Medicine, University of Milan, 20122 Milan, Italy

O G.D’Antona
Phone: +39-382-507252
Fax: +39-382-507664
E-mail: gdantona@unipv.it

Accepted: 30 August 2004

Abstract The aims of the present study were as follows: (1) to examine the adaptational changes
to chronic endurance voluntary exercise and (2) to investigate the effects of amino acid
supplementation on the adaptational changes induced by endurance training in hindlimb
(gastrocnemius, tibialis, soleus) and respiratory (diaphragm) muscles of mice. Male C57B16 mice
were divided in four groups: control sedentary, sedentary supplemented with amino acid mixture
(BigOne, 1.5 mg g day ' in drinking water for 8 weeks), running (free access to running wheels
for 8 weeks), and running supplemented with amino acid mixture. Myosin heavy chain (MHC)
isoform distribution was determined in all muscles considered. Fiber cross-sectional area (CSA)
was measured in the soleus muscle. In all muscles except the tibialis, endurance training was
associated with an overall shift towards the expression of slower MHC isoforms. Amino acid
supplementation produced a shift towards the expression of faster MHC isoforms in the soleus
and diaphragm muscles, and partially antagonized the effects of training. Immunohistochemical

analysis of CSA of individual muscle fibers from the soleus muscle suggests that voluntary running



produced a decrease in the size of type 1 fibers, and amino acid supplementation during training

resulted in an increase in size in both type 1 and type 2A fibers. Collectively, these results suggest
that the endurance adaptations induced by voluntary running depend on the muscle type, and that
amino acid supplementation is able to modulate both fiber size and MHC isoform composition of

skeletal muscles in sedentary and exercised mice.

Keywords Endurance training - Myosin heavy chain - Plasticity - Amino acids

Introduction

Exercise-induced skeletal muscle adaptations to voluntary wheel running and involuntary treadmill
training have been evaluated in several studies and appear to depend on type and amount of exercise.
In rats, these exercise protocols have been associated with a number of endurance-related muscle
adaptations, including increased heart mass/body mass ratio (Baldwin et al. 1977; Tibbits et al.
1978; Hickson et al. 1983), increased percentages of slower, more oxidative contracting fibers
(Fitzsimons et al. 1990; Ishihara et al. 1991; Sullivan et al. 1995; Demirel et al. 1999; Pansarasa
et al. 2002) and higher mitochondrial enzyme levels (Holloszy 1967; Dudley et al. 1982; Rodnick
etal. 1989; Kriketos et al. 1995; Pansarasa et al. 2002). Also in mice, voluntary (Dohm et al. 1994;
Houle-Leroy et al. 2000; Allen et al. 2001; Harrison et al.2002) and forced running (Kemi et al.
2002) protocols have been used to evaluate exercise performance and muscle endurance adaptations
including cardiac hypertrophy and increased muscle oxidative capacity (Swallow et al. 1998;
Houle-Leroy et al. 2000; Allen et al. 2001). Aspects that have received relatively less attention
include the effects of voluntary running on size and type distribution of muscle fibers. Few studies
(Garland et al. 1995; Allen et al. 2001; Harrison et al. 2002) have analyzed the effects on myosin
heavy chain (MHC) isoform expression of skeletal muscles, and single-fiber cross-sectional area
(CSA). Allen and co-authors (Allen et al. 2001) demonstrated a significant shift from 2B to 2A
MHC expression in both gastrocnemius and tibialis muscles following free wheel running. On the
contrary Zhan et al. (1999) detected no appreciable change in the fiber type percentage in the
medial gastrocnemius of house mice after voluntary exercise. Uncertainty also exists regarding
the effects of voluntary training on fiber CSA. Allen and co-authors detected changes in fiber size
of both slow and fast fibers of the gastrocnemius muscle, whereas no significant changes in the
mean fiber size were detected in tibialis muscle (Allen et al. 2001). Also, no changes of fiber CSA

were observed by Zhan et al. (1999) in the medial gastrocnemius in both random-bred and



genetically selected mice. Furthermore, information regarding the effects of wheel running on
postural and respiratory muscle fiber size and phenotype is still lacking. Thus, considering that
mice are a species widely used for molecular biology and genetics, and that the free wheel running
protocol is an easy and useful tool to highlight exercise adaptations in healthy and pathologic
conditions, the first aim of this study was to evaluate the phenotype endurance adaptations of limb
muscles versus postural muscles and diaphragm.

Recently protein or amino acid supplements have been frequently associated with exercise
training in order to promote protein anabolism, muscle size and possibly strength. Most studies
have focused on resistance training, and they have demonstrated that amino acid supplementation
during the early recovery from resistance exercise may be responsible for a stimulatory effect on
protein synthesis and be important for the development of hypertrophy (Biolo et al. 1995, ,1997;
Rasmussen et al. 2000; Blomstrand and Saltin 2001; Levenhagen et al. 2002). The precise
mechanism involved has not been elucidated and appears related to the interactive effect of increased
availability of intracellular amino acids, which in part might depend on enhanced blood flow and
elevated muscle protein breakdown induced by exercise (Rasmussen et al. 2000). The latter findings
suggest that the increased muscle delivery of amino acids co-operates with post-exercise protein
synthesis (Tipton et al. 1999). No clear results have been reported for amino acid administration
during endurance training. Some studies reported an increase of endurance performance after
branched-chain amino acid (BCAA) supplementation in both rats (Calders et al. 1999) and humans
(Blomstrand et al. 1995; Antonio et al. 2000). Others have demonstrated that administration of
BCAA alone (Blomstrand et al. 1995) or combined with tryptophan (Blomstrand et al. 1991; van
Hall et al. 1995) is not able to affect time to exhaustion during sustained exercise in humans and
during acute treadmill running in rats (Verger et al. 1994).

Finally, in the elderly, evidence is accumulating that age-related loss in skeletal muscle mass
may be partly counteracted by amino acid administration to both untrained (Volpi et al. 1998) and
trained (Esmarck et al. 2001) individuals.

Furthermore, no studies have analyzed the impact of amino acid supplementation on muscle
phenotype, namely fiber type or MHC isoform distribution, and CSA of muscle fibers.

Thus the second aim of the present study was to evaluate the adaptive response of the muscle
phenotype to amino acid overload in both sedentary and trained mice. Together, our results
demonstrated that the adaptive changes due to voluntary running depend on the muscle considered,
and that amino acid supplementation is able to modulate both fiber size and MHC isoform

composition of skeletal muscles.



Some of the results have been previously published in abstract form (D’ Antona et al. 2001).

Methods

Animal treatment

The study was carried out on male C57Bl6 mice [average initial body mass 31 (3) g] purchased
from Charles River (Calco, Italy). The animals were caged separately and randomly divided in
four groups of eight animals: control sedentary group [C, water and standard diet ad libitum (18.8%
protein content; Dottori Piccioni, Italy)], sedentary supplemented with amino acids (A, BigOne,
Professional Dietetics, Milan; 1.5 mg g day ' in drinking water for 8 weeks), running (R, free
access to running wheels for 8 weeks, water and standard diet ad libitum), and running supplemented
with purified amino acids (RA, free access to running wheels for 8 weeks, and BigOne

1.5 mg g day ' in drinking water). Body mass, water and food consumption of each mouse were
monitored weekly.

At the end of the experimental period, the animals were killed by cervical dislocation under
ether anesthesia, as approved by the local Animal Ethic Committee. The heart and the following
muscles were dissected and accurately weighed: diaphragm, soleus, gastrocnemius and tibialis.

The muscle samples were immediately immersed in fluid nitrogen and stored at —80°C until
they were used for the subsequent analysis. The samples used for immunohistochemical analysis

were carefully mounted in OCT (Tissue-tek) embedding medium before freezing.

Voluntary cage wheel exercise

Voluntary running was performed in hamster-sized plastic cage spheres with a stand (diameter of
12 cm) (Trixie, Heimtierbedarf, Jarplund-Weding). The exercise balls were fitted with magnetic
counters (model mate-1, Techwell, Taiwan) and placed into 42x26x20 cm cages. After calibration
for the wheel diameter, the magnetic counters measured the daily distance run and the total distance
run. Each morning, daily distance and total distance were recorded for each trained animal, and

the magnetic counter was reset.

Whole muscle MHC isoform composition

MHC isoforms were used as a molecular marker to assess the fiber-type composition of each

muscle, and their expression was studied with polyacrylamide gel electrophoresis. Briefly, whole



muscle samples were dissolved in Laemmli solution (Laemmli 1970). Small amounts of the samples
(2 pl, corresponding to 500 ng of myosin) were applied onto 8% polyacrylamide gels prepared
according to the method described by Talmadge and Roy (1993).

Electrophoresis was run for 2 h at 200 V, and 24 h at 250 V, and gels were stained with
Coomassie blue. In the region of MHC isoforms (molecular mass ~220 kD), four bands were
separated that corresponded, in order of migration from bottom to top, to MHC-1 (slower MHC
isoform), MHC-2B (fastest isoform), MHC-2X and MHC-2A (intermediate velocities) (Pellegrino
et al. 2003).

The relative proportions of these four MHC isoforms were determined by means of a
computer-assisted densitometer. The areas under the peaks corresponding to the MHC isoforms
on the densitometric readings were measured after background subtraction, and the area of each
peak was expressed as a fraction of the total area of the four peaks. No correction for molecular

mass was calculated.

Immunohistochemistry and muscle-fiber CSA

Serial transverse sections (10 wm thick) of the soleus muscle samples mounted in OCT embedding
medium were cut in a cryostat at —20°C and collected on coated slides. Cryosections were
immunostained using two monoclonal antibodies against MHC isoforms: BA-F8 against MHC-1,
SC-71 against MHC-2A. The staining procedure has been described in detail (Bottinelli et al.
1991; Pellegrino et al. 2003).

A secondary rabbit anti-mouse IgG antibody conjugated with peroxidase (DAKO P-0260) was
used to reveal the binding of the primary antibodies. Two fiber types, type 1 and type 2A, were
identified and CSA values were determined. Images at x100 magnification of the stained sections
were captured using a video camera mounted on a light microscope (Laborlux, Leitz, Germany)
and fed to a PC. Fiber CSA was measured for type 1 and type 2A fibers using Scion Image analysis
software (NIH, USA). About 200 fibers per muscle were measured. CSA was expressed in

micrometers squared.

Drugs and chemicals

All chemicals were purchased from Sigma (St. Louis, Mo.). The single amino acid composition
and the relative percentage of the dietary supplement (BigOne) used in this study are reported in
Table 1. The daily dose of the supplement was calculated with the purpose of mimicking the

recommended daily dose of the mixture in exercising humans (~0.1 g kg day '), considering an



average mouse mass of 31 g and applying the Kleiber power function of basal metabolic rate
scaling aM(b), where a corresponds to a scaling constant, M is body mass, and b is the scaling
exponent (3/4 best-fit b value for mammals) (Kleiber 1932; Darveau et al. 2002). Concentration
of the amino acid mixture in drinking water was adjusted to the average daily water consumption
of sedentary (6 ml) and exercising (12 ml) mice.

[Table 1 will appear here. See end of document.]

Statistical analysis

Data are expressed as means (SD). Statistical significance of the differences between means was
assessed by ANOVA followed by Student—Newman—Keuls test. Comparisons have been reported
between the following groups: C and A, R and RA, C and R, A and RA. A probability of less than

5% was considered significant (£<0.05).

Results

Body parameters

After 8 weeks, R (n=8) and RA (n=8) mice had run total distances of 337 (165) and 329 (144) km
respectively, with average daily distances of 7.3 (3) and 6.4 (2) km, with no statistically significant
difference. In both groups, the daily distance run appeared to be significantly lower during the
first week, and increased during the second week and the third week, with no statistically significant
changes during the following weeks (data not shown). The average values of daily food and water
consumption, body mass gain and muscle-mass/body-mass ratio for the four groups of mice are
shown in Table 2. Daily water consumption appeared to be significantly increased in both trained
groups (R, RA), which did not show any significant variations for food consumption in comparison
with the C group. Only amino acid administration to untrained mice (A) induced a significant
decrease in food consumption in comparison with all the other groups. At the end of the 8-week
experimental period, A mice showed a slight increase in their body mass in comparison with C
mice, whereas a body mass loss was induced by training alone, and was partly prevented by amino
acid supplementation to trained mice (RA, Table 2).
[Table 2 will appear here. See end of document.]

In all skeletal muscles except the soleus of A mice, muscle-mass/body-mass ratio did not show

a statistically significant difference among groups, thus indicating that the mass of the hindlimb



skeletal muscles changed in close proportion with the body mass. On the contrary, the
heart-mass/body-mass ratio showed a significant increase after training both in R and RA groups
in comparison with the C group. Furthermore, an overall increase of the diaphragm-mass/body-mass
ratio was also observed in A, R and RA groups, and appeared to be statistically significant only

in R mice in comparison with C mice.

MHC isoform expression

MHC isoform composition was determined in three limb muscles (soleus, tibialis and gastrocnemius)
and in one respiratory muscle (diaphragm) as an index of the fiber-type composition.

Average values of the MHC isoform composition of the soleus muscle in C and treated mice
are shown in Fig. 1A. No significant difference in MHC-1 content was found among the groups.
Amino acid supplementation (A) induced a significant increase in MHC-2B content, with a
concomitant decrease in MHC-2A, and no statistically significant change in MHC-2X in comparison
with C mice. On the contrary, voluntary wheel running (R) induced an increase of MHC-2A with
a reduction of MHC-2X, and the disappearance of MHC-2B in comparison with C. RA was
associated with a significant decrease of MHC-2A, a slight and not significant increase in MHC-1

and MHC-2X, and the disappearance of MHC-2B in comparison with C.
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The tibialis muscle in C mice showed a clear predominance of MHC-2B content, with a much
lower content in MHC-2X, and the absence of MHC-2A and MHC-1 (Fig. 1B). No significant
effect of training or amino acid supplementation on MHC isoform content was seen, although a
slight, but not significant, reduction in the proportion of MHC-2B isoform and a relative increase
of MHC-2X were observed in RA.

As regards the gastrocnemius muscle (Fig. 2A), both C and A mice had a homogeneous MHC-2B
isoform content. The gastrocnemius of R and RA showed the appearance of extra MHC isoforms:
MHC-2X in R, and MHC-2X and MHC-2A in RA. The diaphragm (Fig. 2B) appeared to be
receptive both to training and amino acid supplementation, showing distinct responses to treatments.
Amino acid supplementation produced a moderate shift in the MHC composition towards a faster
phenotype, with a significant decrease in MHC-2A, and a concomitant increase in MHC-2X.

Endurance training was associated with an overall shift towards slower MHC isoforms: a significant



decrease in MHC-2B in R, and a significant increase in MHC-2A in both R and RA in relation to

C.
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CSA of individual muscle fibers

CSA of skeletal muscle fibers was analyzed in detail in the soleus muscle, which was taken as an
example of a muscle highly responsive to both training and amino acid supplementation (Fig. 1).
Examples of consecutive sections stained with antibodies specific for MHC-1 and MHC-2A are
shown in Fig. 3. Changes in the number of fibers stained with each antibody are clearly visible,
and confirm the trends already observed by the electrophoretic separation of the MHC isoforms.

CSA of type 1 and type 2A fibers was measured as described in Methods. In the soleus, CSA



values of both type 1 and type 2A fibers were significantly higher in A than in C (Table 3). On
the contrary, CSA of slow fibers was lower, and CSA of type 2A was unchanged in R in comparison
with C. Amino acid supplementation to trained mice (RA) was associated with an overall increase
of fiber CSA, which appeared more pronounced for type 2A fibers than for type 1 fibers in

comparison with C (Table 3).

MHC-1 MHC-2A

C

Fig. 3 Examples of immunostaining of the soleus muscle with anti-slow-MHC and anti-MHC-2A antibodies.

Bar, 300 um. C Control group

[Table 3 will appear here. See end of document.]
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Discussion

Adaptational responses to wheel running

The daily distance run per day reported in the present study is similar to that reported by Allen et
al. (2001) for inbred C57BL/6 and Houle-Leroy et al. (2000) for outbred Hsd:ICR mice. The results
obtained show that the intensity and duration of the exercise protocol were able to induce
adaptational responses to exercise, including body mass loss, cardiac and diaphragm hypertrophy,
and changes in MHC composition and fiber size.

Following long-term voluntary running, the muscle-mass/body-mass ratios indicated no change
in the mass of the soleus, gastrocnemius and tibialis, which is consistent with the observation that
endurance training does not determine hypertrophy in limb muscles (Booth and Thomason 1991).
The selective hypertrophy observed in the heart, and a general fast-to-slow transition of MHC
isoform composition of skeletal muscles, suggest that the exercise protocol actually determined
endurance training (Pette 1998; Allen et al. 2001). The latter finding is in general agreement with
previous studies in which the voluntary running protocol was used (Wernig et al. 1990; Allen et
al. 2001), although it is at variance with another finding (Zhan et al. 1999). Such a discrepancy is
likely due to the variable response of skeletal muscles to the exercise protocol. Indeed, we observed
a larger fast-to-slow shift in soleus and diaphragm muscles in comparison with the gastrocnemius
muscle, and no shift in the tibialis. The greater response of the soleus and diaphragm might be due
to the higher MHC-1 and MHC-2A content in comparison with other muscles of the mice, the
former being a postural muscle, and the latter a chronically active respiratory muscle. Moreover,
such a chronic exercise at low intensity as voluntary running is bound to determine a more intense
recruitment of the soleus (Baldwin and Haddad 2001) and the diaphragm than of gastrocnemius
and tibialis, as the soleus is the slowest muscle of the limb (Pellegrino et al. 2003) with the highest
oxidative metabolism, and the diaphragm is a respiratory muscle whose activity must increase to
match the respiratory requirements of a chronic aerobic activity. The observation of diaphragm
hypertrophy after training supports the latter hypothesis.

Interestingly, in the work by Allen et al. (2001), both the gastrocnemius and tibialis had a higher
percentages of MHC-1, 2A and 2X pre-training than in present study, and both responded to
training. Moreover, the response of the tibialis that had a significantly higher MHC-1 and 2A
content than gastrocnemius was more pronounced. Collectively these observations suggest that

voluntary running determines endurance training, and that such training produces larger effects
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on muscles. These effects are slower pre-training, and they are likely to be more intensively
recruited during training.

Surprisingly, neither in the soleus nor in the diaphragm did MHC-1 content significantly increase.
However, as previously suggested (Sugiura et al. 1990, 1992; Wernig et al. 1990), an increase in
MHC-2A content and a decrease in MHC-2B content is a clear indication of a shift towards a
slower phenotype. Moreover, it is well established that contractile and energetic properties of types
2A, 2X and 2B vary greatly in small mammals (Schiaffino and Reggiani 1996) and in humans
(Bottinelli and Reggiani 2000), with type 2A fibers being twofold slower than type 2B fibers.

The effect of voluntary running on CSA of individual fibers was studied in the soleus, as this
appeared to be the most responsive muscle to voluntary training that has never been studied before
in this respect. Interestingly, CSA of type 1 fibers decreased, and CSA of type 2A fibers was
unchanged following training. The latter results are consistent with the observation that, with the
exception of the diaphragm, endurance training does not represent a stimulus for muscle hypertrophy
(Table 2). Moreover, the CSA data are in agreement with previous observations on endurance
training in humans that showed no effect on fiber size (Fitts et al. 1989; Schluter and Fitts 1994)
or even a decrease (Widrick et al. 1996). Previous analyses of CSA of individual fibers following
voluntary running have shown either no change in the gastrocnemius (Zhan et al. 1999), or an
increase in the gastrocnemius but not in the tibialis (Allen et al. 2001). Such lack of consistency
might find an explanation in the different muscles examined, and in the variable responses of

postural/slow muscles and of fast muscles to the exercise protocol, as suggested above.

Amino acid supplementation

It is widely accepted that hyperaminoacidemia at rest moves the balance between protein synthesis
and degradation towards synthesis (Bennet et al. 1989; Smith et al. 1998).

Furthermore, to date, several studies have focused on the stimulatory effect of amino acid
supplementation on post-resistance-exercise repair and synthesis of muscle proteins (Gibala 2000).
It has been demonstrated that hyperaminoacidemia and strength training have an additive effect
on net muscle protein balance, and both oral (Tipton et al. 1999) and intravenous (Biolo et al.
1997) amino acid supplementation during the early recovery from resistance exercise promotes
muscle hypertrophy (Biolo et al. 1995; Rasmussen et al. 2000; Blomstrand and Saltin 2001;
Esmarck et al. 2001; Levenhagen et al. 2002).

Amino acid supplementation during endurance training has been less studied. Previous data

have suggested that amino acid supplementation in combination with carbohydrates may serve to
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minimize lean tissue mass loss through stimulation of insulin secretion (Hutton et al. 1980;
Castellino et al. 1987; Rasmussen et al. 2000) and alterations in the ratio of free tryptophan to
BCAA, thus diminishing the elevation of 5-hydroxytryptamine and improving the physiological
and psychological responses to endurance (Blomstrand et al. 1989, 1991). However, no definitive
data have emerged on the effects of amino acid supplementation on the endurance capacity in
small mammals and humans (Blomstrand et al. 1991, 1995; Verger et al. 1994; van Hall et al.
1995; Calders et al. 1999; Antonio et al. 2000; Blomstrand and Saltin 2001), and no data are
available on fiber-type composition and single-fiber CSA after long-term endurance training and
supplementation in rodents and humans.

The amino acid supplement used in the present study was a balanced mixture of all the essential
amino acids and non-essential tyrosine. Among the amino acids in the mixture, leucine (30%) and
tyrosine (0.4%) may play a key role in determining the observed muscular effects. In fact leucine
supplementation is known to participate greatly in protein metabolism regulation (Nair et al. 1992),
whereas tyrosine, as the rate-limiting dopaminergic precursor, may relieve the adverse effects of
physical stress (Deijen and Orlebeke 1994; Avraham et al. 1996, 2001; Deijen et al. 1999;
Georgiades et al. 2003).

Amino acid supplementation per se decreased food consumption, as expected, on the basis of
the extra caloric intake represented by the amino acid mixture in the drinking water, and determined
hypertrophy of the soleus muscle, with no change in the other muscles examined or the heart.
Amino acid supplementation determined a significant shift towards faster MHC isoforms in the
soleus and diaphragm, and no shift in the tibialis and gastrocnemius. The lack of an effect on the
MHC isoform distribution of the latter two muscles is very likely due to their homogenous MHC-2B
isoform composition that actually prevents any further shift towards a faster phenotype.
Interestingly, notwithstanding the clear slow to fast shift among fast MHC isoforms, the percentage
of MHC-1 did not change, suggesting no effect of the amino acid mixture on fiber-type
transformation from the slow to the fast types 2A, 2X and 2B.

On the contrary, amino acid supplementation had similar effects on the size of both type 1 and
type 2A fibers, as shown by the analysis of CSA of individual fibers in soleus. The clear difference
in the fiber size between slow and fast fibers observed in C mice appeared to be maintained after
amino acid supplementation (Table 3).

Amino acid supplementation during voluntary running had significant effects on body mass,
muscle mass, fiber size, and MHC isoform distribution. Indeed endurance training and amino acid

supplementation showed opposite effects.
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Amino acid supplementation to trained mice appeared to more than counteract the loss of body
mass observed following training. The observation that the muscle-mass/body-mass ratio of all
limb muscles was not different in C and RA, suggests a relative equal effect of the amino acid
treatment on muscle mass and body mass. That CSA values of both type 1 and type 2A fibers of
the soleus muscle were higher in RA than in R and C, suggesting that amino acid supplementation
maintains muscle mass through a relative hypertrophy of individual muscle fibers, and that such
effect more than counteracts the effect of training itself. Finally, the larger hypertrophic effect of
amino acid supplementation on type 2A than on type 1 fibers suggests that the shift towards a
faster phenotype in RA could be at least partially due to a preferential increase in size of fast fibers.

The reason for the distinct adaptational response to the chronic administration of amino acids
in trained and untrained mice in terms of fiber size is unknown, and it might depend on the
combination of a selective stimulatory effect of the amino acid mixture on fast MHC synthesis
and the absence of effects of prolonged endurance exercise on slow-fiber size (Fitts et al. 1991;
Fitts and Widrick 1996).

Finally, no effects of the chronic supplementation were observed on daily run distance and
entire performance, thus suggesting, in agreement with previous studies (Verger et al. 1994;
Blomstrand et al. 1995; Vukovich et al. 1997), the inefficacy of amino acid supplementation in
enhancing endurance capacity.

In conclusion, our findings confirm that the voluntary wheel running protocol may be considered
as a powerful tool to analyze the adaptational muscle changes caused by endurance exercise and
pharmacological treatments in the mouse. We demonstrated, for the first time, that chronic voluntary
running is associated with selective muscle adaptation in both postural and respiratory muscles,
including changes in fiber size and fast-to-slow MHC transition. Furthermore, this study reports
the first description of the differential effects of chronic amino acid supplementation in untrained
and endurance-trained conditions. Notwithstanding, it can be hypothesized that amino acid
administration may reduce the net protein degradation (Carli et al. 1992), possibly as a result of
increased MHC synthesis. The molecular mechanisms underlying such changes and the basis of

the fiber-type selectivity need to be further investigated.

References

Allen DL, Harrison BC, Maass A, Bell ML, Byrnes WC, Leinwand LA (2001) Cardiac and skeletal muscle
adaptations to voluntary wheel running in the mouse. J Appl Physiol 90:1900-1908

14



Antonio J, Sanders MS, Ehler LA, Uelmen J, Raether JB, Stout JR (2000) Effects of exercise training and
amino-acid supplementation on body composition and physical performance in untrained women. Nutrition
16:1043-1046

Avraham Y, Bonne O, Berry EM (1996) Behavioral and neurochemical alterations caused by diet
restriction—the effect of tyrosine administration in mice. Brain Res 732:133-144

Avraham Y, Hao S, Mendelson S, Berry EM (2001) Tyrosine improves appetite, cognition, and exercise
tolerance in activity anorexia. Med Sci Sports Exerc 33:2104-2110

Baldwin KM, Haddad F (2001) Effects of different activity and inactivity paradigms on myosin heavy chain
gene expression in striated muscle. J Appl Physiol 90:345-357

Baldwin KM, Cooke DA, Cheadle WG (1977) Time course adaptations in cardiac and skeletal muscle to
different running programs. J Appl Physiol 42:267-272

Bennet WM, Connacher AA, Scrimgeour CM, Smith K, Rennie MJ (1989) Increase in anterior tibialis
muscle protein synthesis in healthy man during mixed amino acid infusion: studies of incorporation of
[1-"C]leucine. Clin Sci (Lond) 76:447-454

Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR (1995) Increased rates of muscle protein turnover
and amino acid transport after resistance exercise in humans. Am J Physiol 268:E514-E520

Biolo G, Tipton KD, Klein, S Wolfe RR (1997) An abundant supply of amino acids enhances the metabolic
effect of exercise on muscle protein. Am J Physiol 273:E122-E129

Blomstrand E, Saltin B (2001) BCAA intake affects protein metabolism in muscle after but not during
exercise in humans. Am J Physiol 281: E365-E374

Blomstrand E, Perrett D, Parry-Billings M, Newsholme EA (1989) Effect of sustained exercise on plasma
amino acid concentrations and on 5-hydroxytryptamine metabolism in six different brain regions in the rat.
Acta Physiol Scand 136:473-481

Blomstrand E, Hassmen P, Ekblom B, Newsholme EA (1991) Administration of branched-chain amino
acids during sustained exercise—effects on performance and on plasma concentration of some amino acids.
Eur J Appl Physiol 63:83-88

Blomstrand E, Andersson S, Hassmen P, Ekblom B, Newsholme EA (1995) Effect of branched-chain amino
acid and carbohydrate supplementation on the exercise-induced change in plasma and muscle concentration
of amino acids in human subjects. Acta Physiol Scand 153:87-96

Booth FW, Thomason DB (1991) Molecular and cellular adaptation of muscle in response to exercise:
perspectives of various models. Physiol Rev 71:541-585

Bottinelli R, Reggiani C (2000) Human skeletal muscle fibres: molecular and functional diversity. Prog
Biophys Mol Biol 73:195-262

Bottinelli R, Schiaffino S, Reggiani C (1991) Force—velocity relations and myosin heavy chain isoform
compositions of skinned fibres from rat skeletal muscle. J Physiol (Lond) 437:655-672

Calders P, Matthys D, Derave W, Pannier JL (1999) Effect of branched-chain amino acids (BCAA), glucose,
and glucose plus BCAA on endurance performance in rats. Med Sci Sports Exerc 31:583-587

Carli G, Bonifazi M, Lodi L, Lupo C, Martelli G, Viti A (1992) Changes in the exercise-induced hormone
response to branched chain amino acid administration. Eur J Appl Physiol 64:272-277

Castellino P, Luzi L, Simonson DC, Haymond M, DeFronzo RA (1987) Effect of insulin and plasma amino
acid concentrations on leucine metabolism in man. Role of substrate availability on estimates of whole body
protein synthesis. J Clin Invest 80:1784-1793

D’Antona G, Pellegrino MA, Polla B, Ricci S, Conti F, Bottinelli R (2001) Effects of voluntary wheel
running on skeletal muscle of mice with standard diet or with amino acid supplementation. J Muscle Res
Cell Motil 22:567

Darveau CA, Suarez RK, Andrews RD, Hochachka PW (2002) Allometric cascade as a unifying principle
of body mass effects on metabolism. Nature 417:166—170

Deijen JB, Orlebeke JF (1994) Effect of tyrosine on cognitive function and blood pressure under stress.
Brain Res Bull 33:319-323

15



Deijen JB, Wientjes CJ, Vullinghs HF, Cloin PA, Langefeld JJ (1999) Tyrosine improves cognitive
performance and reduces blood pressure in cadets after one week of a combat training course. Brain Res
Bull 48:203-209

Demirel HA, Powers SK, Naito H, Hughes M, Coombes JS (1999) Exercise-induced alterations in skeletal
muscle myosin heavy chain phenotype: dose—response relationship. J Appl Physiol 86:1002—-1008

Dohm MR, Richardson CS, Garland TJr (1994) Exercise physiology of wild and random-bred laboratory
house mice and their reciprocal hybrids. Am J Physiol 267:R1098—R 1108

Dudley GA, Abraham WM, Terjung RL (1982) Influence of exercise intensity and duration on biochemical
adaptations in skeletal muscle. J Appl Physiol 53:844-850

Esmarck B, Andersen JL, Olsen S, Richter EA, Mizuno M, Kjaer M (2001) Timing of postexercise protein
intake is important for muscle hypertrophy with resistance training in elderly humans. J Physiol (Lond)
535:301-311

Fitts RH, Widrick JJ (1996) Muscle mechanics: adaptations with exercise-training. Exerc Sport Sci Rev
24:427-473

Fitts RH, Costill DL, Gardetto PR (1989) Effect of swim exercise training on human muscle fiber function.
J Appl Physiol 66:465-475

Fitts RH, McDonald KS, Schluter JM (1991) The determinants of skeletal muscle force and power: their
adaptability with changes in activity pattern. J Biomech 24:111-122

Fitzsimons DP, Diffee GM, Herrick RE, Baldwin KM (1990) Effects of endurance exercise on isomyosin
patterns in fast- and slow-twitch skeletal muscles. J Appl Physiol 68:1950—-1955

Garland, TJr, Gleeson TT, Aronovitz BA, Richardson, CS Dohm MR (1995) Maximal sprint speeds and
muscle fiber composition of wild and laboratory house mice. Physiol Behav 58:869-876

Georgiades E, Behan WM, Kilduff LP, Hadjicharalambous M, Mackie EE, Wilson J, Ward SA, Pitsiladis
YP (2003) Chronic fatigue syndrome: new evidence for a central fatigue disorder. Clin Sci (Lond)
105:213-218

Gibala MJ (2000) Nutritional supplementation and resistance exercise: what is the evidence for enhanced
skeletal muscle hypertrophy? Can J Appl Physiol 25:524-535

Harrison BC, Bell ML, Allen DL, Byrnes WC, Leinwand LA (2002) Skeletal muscle adaptations in response
to voluntary wheel running in myosin heavy chain null mice. J Appl Physiol 92:313-322

Hickson RC, Galassi TM, Dougherty KA (1983) Repeated development and regression of exercise-induced
cardiac hypertrophy in rats. J Appl Physiol 54:794-797

Holloszy JO (1967) Biochemical adaptations in muscle. Effects of exercise on mitochondrial oxygen uptake
and respiratory enzyme activity in skeletal muscle. J Biol Chem 242:2278-2282

Houle-Leroy P, Garland TJr, Swallow JG, Guderley H (2000) Effects of voluntary activity and genetic
selection on muscle metabolic capacities in house mice Mus domesticus. J Appl Physiol 89:1608-1616

Hutton JC, Sener A, Malaisse WJ (1980) Interaction of branched chain amino acids and keto acids upon
pancreatic islet metabolism and insulin secretion. J Biol Chem 255:7340-7346

Ishihara A, Inoue N, Katsuta S (1991) The relationship of voluntary running to fibre type composition, fibre
area and capillary supply in rat soleus and plantaris muscles. Eur J Appl Physiol 62:211-215

Kemi OJ, Loennechen JP, Wisloff U, Ellingsen O (2002) Intensity-controlled treadmill running in mice:
cardiac and skeletal muscle hypertrophy. J Appl Physiol 93:1301-1309

Kleiber M (1932) Body size and metabolism. Hilgardia 6:315-353

Kriketos AD, Pan DA, Sutton JR, Hoh JF, Baur LA, Cooney GJ, Jenkins AB, Storlien LH (1995)
Relationships between muscle membrane lipids, fiber type, and enzyme activities in sedentary and exercised
rats. Am J Physiol 269:R1154-R1162

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature 227:680-685

Levenhagen DK, Carr C, Carlson MG, Maron DJ, Borel MJ, Flakoll PJ (2002) Postexercise protein intake
enhances whole-body and leg protein accretion in humans. Med Sci Sports Exerc 34:828-837

Nair KS, Schwartz RG, Welle S (1992) Leucine as a regulator of whole body and skeletal muscle protein
metabolism in humans. Am J Physiol 263:E928-E934

16



Pansarasa O, D’ Antona G, Gualea MR, Marzani B, Pellegrino MA, Marzatico F (2002) “Oxidative stress™:
effects of mild endurance training and testosterone treatment on rat gastrocnemius muscle. Eur J Appl
Physiol 87:550-555

Pellegrino MA, Canepari M, Rossi R, D’Antona G, Reggiani C, Bottinelli R (2003) Orthologous myosin
isoforms and scaling of shortening velocity with body size in mouse, rat, rabbit and human muscles. J Physiol
(Lond) 546:677-689

Pette D (1998) Training effects on the contractile apparatus. Acta Physiol Scand 162:367-376

Rasmussen BB, Tipton KD, Miller SL, Wolf SE, Wolfe RR (2000) An oral essential amino acid—carbohydrate
supplement enhances muscle protein anabolism after resistance exercise. J Appl Physiol 88:386-392

Rodnick KJ, Reaven GM, Haskell WL, Sims CR, Mondon CE (1989) Variations in running activity and
enzymatic adaptations in voluntary running rats. J Appl Physiol 66:1250-1257

Schiaffino S, Reggiani C (1996) Molecular diversity of myofibrillar proteins: gene regulation and functional
significance. Physiol Rev 76:371-423

Schluter JM, Fitts RH (1994) Shortening velocity and ATPase activity of rat skeletal muscle fibers: effects
of endurance exercise training. Am J Physiol 266:C1699—C1673

Smith K, Reynolds N, Downie S, Patel A, Rennie MJ (1998) Effects of flooding amino acids on incorporation
of labeled amino acids into human muscle protein. Am J Physiol 275:E73-E78

Sugiura T, Morimoto A, Sakata Y, Watanabe T, Murakami N (1990) Myosin heavy chain isoform changes
in rat diaphragm are induced by endurance training. Jpn J Physiol 40:759—763

Sugiura T, Morimoto A, Murakami N (1992) Effects of endurance training on myosin heavy-chain isoforms
and enzyme activity in the rat diaphragm. Pflugers Arch 421:77-81

Sullivan VK, Powers SK, Criswell DS, Tumer N, Larochelle JS, Lowenthal D (1995) Myosin heavy chain
composition in young and old rat skeletal muscle: effects of endurance exercise. J Appl Physiol 78:2115-2120

Swallow JG, Garland T Jr, Carter PA, Zhan WZ, Sieck GC (1998) Effects of voluntary activity and genetic
selection on aerobic capacity in house mice (Mus domesticus). J Appl Physiol 84:69-76

Talmadge RJ, Roy RR (1993) Electrophoretic separation of rat skeletal muscle myosin heavy-chain isoforms.
J Appl Physiol 75:2337-2340

Tibbits G, Koziol BJ, Roberts NK, Baldwin KM, Barnard RJ (1978) Adaptation of the rat myocardium to
endurance training. J Appl Physiol 44:85-89

Tipton KD, Ferrando AA, Phillips SM, Doyle DJr, Wolfe RR (1999) Postexercise net protein synthesis in
human muscle from orally administered amino acids. Am J Physiol 276:E628-E634

Van Hall G, Raaymakers JS, Saris WH, Wagenmakers AJ (1995) Ingestion of branched-chain amino acids
and tryptophan during sustained exercise in man: failure to affect performance. J Physiol (Lond) 486:789-794

Verger P, Aymard P, Cynobert L, Anton G, Luigi R (1994) Effects of administration of branched-chain
amino acids vs. glucose during acute exercise in the rat. Physiol Behav 55:523-526

Volpi E, Ferrando AA, Yeckel CW, Tipton KD, Wolfe RR (1998) Exogenous amino acids stimulate net
muscle protein synthesis in the elderly. J Clin Invest 101:2000-2007

Vukovich MD, Sharp RL, Kesl LD, Schaulis DL, King DS (1997) Effects of a low-dose amino acid
supplement on adaptations to cycling training in untrained individuals. Int J Sport Nutr 7:298-309

Wernig A, Irintchev A, Weisshaupt P (1990) Muscle injury, cross-sectional area and fibre type distribution
in mouse soleus after intermittent wheel-running. J Physiol (Lond) 428:639—-652

Widrick JJ, Trappe SW, Blaser CA, Costill DL, Fitts RH (1996) Isometric force and maximal shortening
velocity of single muscle fibers from elite master runners. Am J Physiol 271:C666—C675

Zhan WZ, Swallow JG, Garland T Jr, Proctor DN, Carter PA, Sieck GC (1999) Effects of genetic selection
and voluntary activity on the medial gastrocnemius muscle in house mice. J Appl Physiol 87:2326-2333

17



[4Y v0¢ ueydoydAig,
v'0 181 QuISOIA |,
01 434! SUIUOTYIIN
9'1 991 ourue[ejAuoyq
LT TSS1 auIpySI
vy 411! ouraIsk)
8°01 I'611 QUITOIY T,
9'61 I'LTT SUIEA
9¢l TIgl aUIONAOS]
(43! (434! dursk
S0¢ [25! |
(,_1ouwr 3)
(%) @Sejuoo10g SSBeW JB[NISOJA Pp1oe ourury

(ouO31g) yuoworddns A1e301p proe ourwe Ay Jo a3eIudd1ad dAne[aI pue uonisodwo) | Iqe],

18



(S0°0>d) 10U0D WOLJ WUAIOHIP APUBIYIUTIS .4

(S0°0>d) V Pu® [0UO0D) WO JUIIYIP APUBOYTUTIS
(S0°0>d) sdnoi3 1ou30 oy} WOy JUAISIIIP A[JUBdIUTIS

(00 +€°0 ##%(90°0) TH°0 (£€00) 9¢°0 (00 1€°0 8 (%) “w/wSeryderq
(01°0) 6¥°0 (€1°0) 6¥°0 (90°0) 95°0 (80°0) 050 8 (%) ‘wy/sniwsuo0nsen)
(#00) LT°0 (900) 61°0 (£€00) 61°0 (800) 12°0 8 (%) “w/sTreqry,
(10°0) L£O0 (10°0) 2€0°0 «(10°0) 8%0°0 (10°0) ¥£0°0 8 (%) ‘wy'snejog
+#x(£0°0) 95°0 +#+(€0°0) 85°0 (¥0°0) 050 (0°0) 0t°0 8 (%) Yw/*11e0H
##(L6'T) 98°C1 #(€T°€) €€ (z8°0) €9 e vTL 8 oM
(§9°0)91°9 Tz 199 «(§9°0) 01°C (z8°0) €S 8 ok
(181 €€°0 «(TLT) SL0- (86°¢) 6¢+ (T 99°¢ 8 (8) 'w

\A:!

R

v

[onuo)

ssewr oposnw “ut ‘uondunsuod 1syem Afrep D4 ‘uondwnsuod pooy Afrep ). ‘ssewt Apoq 9w ‘ured ssewr ApoqPus aotw Jo “ou u ‘uonejusws[ddns proe ourwe

pue SUTHUNI [99UM IJ Fy ‘Furuunl [93yMm 331 y ‘uonejuawd[ddns proe ourry p *(S) suedw se pajuasard a1e eje( "0nel SSew-Apoq/ssew-aosnu pue siojowered Apog ¢ d[qeL,

19



(S0°0>d) ¥ WOl WBIOYIP APUBIYIUTIS 4
(S0°0>d) V WOy JudIJIIPp APUBOYIUTIS ;4
(S0°0>d)101U0) WOl JLIOPIP APUedyIuSIS,

sxxx(P19) ¥89°C #2+(969) $81°C vy
(¥05) 091°C «(0L9) ¥00°C d
«(90t) 8T€C «(679) 185°C v
(L8%) 101°C (619) 60€°T [onuo)
[-OHI dnoip

VZ-OHIN

p=u ‘(QS) SuBdW JIB SAN[BA O[OS SNA[OS Y} UI SIAQIJ (oSN JO (Parenbs SI01OWOIIIN) BIIE BUOIIIIS-SSOID UO SJUIUNELAN) JO ST € d[qeL

20



	Introduction
	Methods
	Animal treatment
	Voluntary cage wheel exercise
	Whole muscle MHC isoform composition
	Immunohistochemistry and muscle-fiber CSA
	Drugs and chemicals
	Statistical analysis

	Results
	Body parameters
	MHC isoform expression
	CSA of individual muscle fibers

	Discussion
	Adaptational responses to wheel running
	Amino acid supplementation

	References

