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ABSTRACT

The effects of deve]opment and sprint training on protein and nucle-
ic acid content of homogenates and subcellular fractions of rat gastroc-
nemius has been investigated. Fiber composition and mean fiberAareas
were also studied. Two groqbs of ten 5 week old animals were subjected
to 10 and 20 weeks of interval running respectively, consisting of 10
sec sprints followed by 20 sec rest periods. At the end of the train-
ing program the rats were running up to 20 serints per day at 90 m/min
with a 307 grade. Four groups of animals served as 5, 15 and 25 week
old sedentary controls. Significant deve]oomenta] changes were observed
for each variable measured in the control animals at different ages.
Body weights, muscle weights, homogenate DNA, subcellular fractions of
DNA and estimated numbers of nuclej were 511 unchanged after sprint
training when compared with age-matched controls. Homogenate protein
and RNA content of sprint trained muscle showed no net changes, however

time-dependent training adaptations were found in selected subcellular

fractions. Ten weeks of training significant1y increased myofibrillar-

nuclear prote1n and RNA concentrations in the gastrocnem1us Microsomal

Protein 1ncreased and soluble protein decreased after 20 weeks of sprint

training, while a shift in RNA d1str1but1on from the myof1br1]]ar nuc]ear

+ to the sarcop]asm1c fract1ons (soluble, mitochondrial and m1crosoma1)

was found in 25 week o]d sprint trained animals. The percentage of

fast -glycolytic (FG) f}bers was 36 after ]O weeks of spr1nt tra1n1ng
wh1ch was s1gn1f1cant]y d1fferent from the 21% found in age- matched S
contro]s A concomitant- decrease in fast- ox1dat1ve g]yco1yt1c (FOG)

fibers was evident in the sprint runners and these fiber d1str1but1on



patterns were maintained in the animals trained to 25 weeks of age. The
sTow-oxidative (S0) fiber-pErcentagcs were not affected by trainino.
Significant enlargement in the mean fiber areas of SO and FG fibers‘were‘
found after sprint training. These findings suggested that High inten-
sity intermittent work overloads the gastrocnemius muscle, which. adapts
to training by maintenance of FG fiber percentages and hypertrophy.

These adaptations, however, are not revealed- in whole gastrocnemius pro-
tein and nucleic acid contents, although selective training a]teration;

are evident in the subcellular fractions. \
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INTRODUCTION

The physiological and metabolic processes of higher_anima]s,linclud-
ing man, respond to genetic coptro] as.we11‘as environmental changes such
as exercise; Exercise phys:51ogists haVe been investigating humén phys-
io1egica1 responses to physical work and exercise for the last hundred
years. In recent years, with the use of animal models and human bionsy
o techn1ques, a number o‘.petab011c, h1stochem1cal biochemical and ultra-
structural adaptions have been demonstrated in mammalian skeletaT muscle
as a result of various types of exercise (reviewed by Close, 1972; |
Keul, 1972; Gollnick, 1973c; Hollaszy, 1975a). A knowledge of phese
changes in skeletal muscle at“the cellular.level seems necessary for a
complete understanding ofrmah's functional adaptability to exercise. - _.

Mammalian skeletal muscle from variqys species consists of three"
muscle fiber types (Barnard’eg_gl., 1970; Peter et al., 1972; Ariano gi
cal., 1973;_quke“g£_gl., 1973; Burke and Edgerton, ]925; Edgerton et al.,
1975).A The fiber typing system usee by Peter et al. (1972) classifies
muscle fibers aceording to their contractile speed, which is dependent on
myosin ATPase enzyme activity, and fhe predominaht metabolic pathways
used for enera .ro. ction as characterised by oxidative or glycolytic
enzyﬁes. Thes in“é?ewflproperties of the individuz ficers aflow se-
tected fibers tc .= r-cruited at different 1htensitiesvand durations ef‘
exercise (Ba]dw1n g&_gl_, 1972, 1973, 1975; Costi] et et al., 1973; Go]]nick
et al., 1973a, 1973b, 1974a, 1974b; Staudte et al. 1973) Recruitmenf
- of d1fferent muscle fibers in turn regu1ates the speed at which the whole

. — -

¢
muscle contracts (Barnard et al., 1970; Close, ]972), the ut111zat1on of

-

substrates (Pernow etéhl., 1971; Baldwin et al., 1973) and the enzymatic



pathways which are employed during energy production (Molée gg_gl.,'l97l;

Edington gg_él:, 1973; Hoiloszy et al., 1973, 1975; Benzi et al., 1975).
Physical work capacity is ultimately 1jmited by the amount of con-

tractile protein in ske1etaﬁ mus;]e and/or the ability of that muscle to

produce ‘the energy needed for contraction. During exercise the rate of

enerqy productibn must equq1.the enerqy demands placed on skeletal muscle -

if work is: to be continued at the ;ame intensityﬁ(Simonson, 19715 Menger
and Reea;71976). Skeletal muscle therefore\adapts to exeraﬁsg overloads
by increasing the quantity of myofibrillar protein available for muscular
contraction (Gordon et al., 1967b; Jaweed et_al., 1974) or by increasing
its capacfty'to supply eneray to }h@ contractile machinery (Wenger and
Reed, 1976). |

Fundamental to the métabo]ic alterations observed in muscle fibers
are the changes in the ?oncentrafions as well as the éctivities of en-
Zymes invoaved in intermédiary metatolism (Bass et al., 1969; Staudte and
Pette, 1972). Increases in oxidative enzyme capabilities.with endurance

exercise and training have been demonstrated by a numbeﬁgof researchers

(Barnard et al., 1970, 1971, Edjngfon et al., 1970, 1973; Gdl]nick et al.,

1972; Peter et al., 1972; Terjung g;_él;, 1972; Holloszy et al., 1973,
1975a, 1975b; Fitts g}_gl{a\ngA). Isometric_and sprinf training seéms
to alter glycolytic as we]i'as oxidative'énzymes (Bagby et al., 1972; |
Exner et al., 1973a, 1973b; Saubert et al., 1973; Staudte et al., 1973;
Thorstensson et al., 1975). fhese enzyme adaptations to different exer-

cise overloads result inégnhanced metabolic capability for energy produc-

tion (Saltin, 1973; Holloszy, 1975a). Hence, the overall effect of thuse

- adaptions is an increased functional work capacity.

Harper (1975) has suggested that through the regulation of enzyme

[PPSR S
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activity, overall metabolic reaulation is possible. Clearly, enzyme al-
terations are a regulating mechanism in skeletal muscle metabolism (prev-
ious paragraph). This_jmp]ies the presence of suitable sensory devices,
trigger mechanisms, and chemical messengers which ultimately affect en-
zyﬁe activity (Harpér, 1975). Protein synthesis and'degradation mu;t
also play a role in fhe reguTét{on of muscle metabolism because enzymes,
contréctile e]ements, membranes and other cell constituents are made up
of proteins. Muscle hypertrophy and increased metabolic function is
accompanied by a net-gain in protein synthesis (Young, 1970, 1974).

~In this context the comp]exity of skeletal musc]e.adapfations to exercise
becomes more evigent. fhe metabolic and u]tréstructura] changes that
have been‘obserQed in trained skeletal muscle are dependent on protein
turnover which is in turn requlated by a number of complex factors
(Young, 1970, 1974). An insight into net protein synthégis and its regu-
iation in various subcellular fractions of muscle may give ergophysiolo-

-

gists ‘a better understanding of the mechanisms governing adaptations in
- working muscle.

Basic protein metabolism in skéléta] muscle has been reviewed by é.
number of authors (Goldberg, 1967, 1969; Pain and MancheStér, 1970;
Young, 1970; Millward et al., 1973; Thompson and Heywood, 1974). The ef-
fect of normal musé]é growth and development on protein synthesis has
also been a topic of research interest (Devi et al., 1963; Winnick and
Noble, 1965; Srivastava and Chaudhary, 1969; Howarth and Baldwin, 1971,
T972; Edgerton, 1973; Young, 1974; Burleigh, 1974; Giovannetti and
Stothérs;~1975; Millward gj;gl:, 1975). -Recenf]y, work physiologists
_have become interested in thebeffects of exercise on protein metabolism.

Inc 1ses'in whole muscle weights, deoxyribonucleic acid (DNA), ribonu-



cleic acid (RNA), RNA po1ymera;e activity, total muscle protein, low
molecular weight proteins, and protein content of subcellular muscle
fractions have.been reported.as a result of endurance exercise and train-
ing (Yékov]ev et al., 1963; Gordon et al., 1967a, 1967b; Bailey et al.,
1973; Bostrom et al., 1974; Hubbard g}_gl,,-]974; Jaweed et al., 1974;
Goldberg et al., 1975; Poortmans, 1975; Rogozkin, 1976). "

Two groups of researchers have monitored the effects of both growth
and endurance training on the protein ard DNA content of rat skeTeta]
muscle although their results were not always in agreement (Bailey et al.,
1973; Hubbard et al., 1974). Both groups reported an increase in muscle
weights and the ratio of protein to DNA in control and trained aqima]s.
Bailey and co—workefs (1973) reported a significant decrease in the DNA
_content fug/mg wet wt) of gastrotnemius muscle in control animals and
Ethose trained between 3 and 12 weeks of age. However, no thange'was
;found in the whole muscle DNA content of these animals thch is in accord-
ance with the work of Gordon et al. (1967a, 1967b). Hubbard (1974) repor-
ted an increase in the.protein composition of the sarcoplasmic and myo-
fibrillar fractions of growing rat anterior tibialis muscle between 6 and
17 weeks of age‘whi1e endurance training did not alter this developmental
pattern. These results are contrary to the findings of Gordon et al.
(1967a,.1967b) and Jaweed et_al. (1974) who have observed large increases
in the saréop]asmic and myofib%ﬁ1]ar protein content of adult rat skele-
ta] musc]e‘differentia11y trained with endurance and weight lifting exer-
--cisés respectively. (

‘ There'are still many unanswered questions concerning the effects.of
“exercise on growth and protein metabolism. Selective hypertrophy of ske-

letal muscle fiber types and conversion of their metabolic and contractile



properties with growth and exercise is not completely understood
(Goldberg et al., 1975; Wilkinson et al., 1976). The influence of high
intensity sprint training on protein synthesis in developing muscle has

-~y

not been determined. Furthermore, thare are only a few studies which

relate protein synthetic adaptaticns to the various subcellular compart-

ments or fréctions of ske]éta] muscle, and controversy still exists.con—
cerning exercise specific protein alterations in these different frac-
tions (Hubbard et al., 1974; Jaﬁéed et al., 1974).
| With some of the above questions in mind, the purpnses of this

study were threefold:

To determine the effect of sprint training on f1ber type composi-
tion'of developing rat gastrocnemius muscle.

To determine the effect of sprint training on fhe whole mustle
weights and muscle volumes as indicated&by mean fiber areas of develop-
ing rathgastrocnemius.‘

To determine the effect of sprint training on protein and nucleic

acid concentrations in four subce11u1ar'fractions of developing rat ske-.

letal muscle.

. TERMINOLOGY

Effects of Time - In this study referenceé to the effects of time
are related to development or growth of skeletal muscle between 5, 15

-and 25 weeks of age.

Hypertrqphy - An increase in the size of a muscle or muscle fiber

caused by en]argement of its cellular components

Hyperplas1a - An 1ncrease 1n the number of ce]]s composing a ske-

letal muscle caused by muscle fiber splitting._

Subcellular Fractions - Components or parts of a muscle cell

,,){ .



which, in this study, were separated by centrifugation at different
gravitational forces.
Myofibrillar-Nuclear Fraction - That part of a muscle cell which

contains myofibrillar protein, nuclei, and cell debris resulting from
v .

W

homogenation.

Mitochondrial Fraction - That‘part of a musc]é cell which predom-
inantly contajns mitochondria. Other cytoplasmic particles such as lyso-
~somes are found in this fraction when fﬁey are of similar size, shape
and density as mitochondria. |

Microsomal Fraction - That part of .a muscle cell which predbmin- ”——\\\
antly contafns vesicles and hembrane fragments, of both the smooth and
rough variety, derived from the endoplasmic reticulum.

Soluble Fraction - That part of a muscle cell which contains cyto-
plasmic proteins and particles which .do not sediment at gravitational

forces up to 105,000 x g.



METHODOLOGY

' .
ANIMAL SELECTION AND CARE

Fifty ma]e Wistar rats ([WOF (NI)];'épecific‘pathqgen free)-wére ob-

ta1ned at approx1mate1y four weeks of age (85-100 g) through the Director
of the Health Sciences Animal Center at the University of Alberta. The
animals were housed in individual se]f c]ean1ng cages in an air-condi-
tioned room ma1nta1ned at 22°¢, and the day/n1ght cycle was reversed (eg.
1ﬁght from 6 PM to 6 AM) for the remainder of the experiment. The rats
were fed ad Tibitum on a normal protein diet (23%4crude protein) of Purina
rat chow and water. Each morning all animals were handl®ed, the cages'were'
rotated on the cage rack, soiled pabers we;e chénged and food and water =
was replenished. The céges were Washéd and sﬁeriTized‘wéeka and the
rats were weighed every second week. After six days of orientation to
the Taboratory the animals Were'random1y assigned to one of six groups as
indicated in Table I. The final number‘of animals in this investigation
was reduced to.forty-seven because three of the sprint training animals

- were injured andihad to be removed from the study.

SPRINT TRAINING PROTOCOL
The an1ma)s were exercised on a motor driven tr°adm11] (Quinton ro-
dent treadmill) wh1ch was divided 1nto ten 9.5 cm by 48 cm compartments

each ¢ 'hich had a shock grid at the back of the compartment. Training

was dong | vs per week (eg. Mon., Tues., Thurs., and Fri.) at approx-
imately, "0C 500 hours. Sprint trained rats were given a treadmill
orientatic~ ¢ - for the first week which consisted of two 5 minute

runs each day i ~ 27 m/m.n and ¢% grade. After this preliminary expo-



TABLE I GROUPS OF ANIMALS, TRAINING PERIOD
AND AGE AT TIME OF SACRIFICE

ANIMAL GROUP NUMBER OF AGE AT TIME OF
ANIMALS - SACRIFICE
(N) | (N)
C5 - Control Group | 5 5

No Exercise
ST5! - Sprint Training : 5 | 5
Control Group '

C15 - Control Group 10~ 15
No Exercise

ST15 - Sprint Training 8 15
from 5-15 weeks of age } '

€25 - Control: Group 10 ' 25
No- Exercise o B

ST25 - Sprint Training 9 , 25
from 5-25 weeks of age :

1 Although the group called ST5 did not train they were designated
. as such to balance the design (see Experimgntal Design).

sure they then began the 1nterva1 program of 10 bouts of 15 sec running,
20 sec rest at 30 m/min with a 30% grade. The treadm111 speed was then
progressively increased by 5 m/min increments every second day until all
animé?s were running 10 bouts at 80 m/min, 30% grade tWice daily (Reardon,
1975; Nfikinson et al., 1976). This pfogressive traininglincrease‘took
approximately four weeks affér whfch‘both groups of runners continued at
‘this intensify up until 15 weeks of age. The funning speed was then fur-
ther increased foriﬁhe ST25 group up toi85 m/min and again to 90 m/min at

20.w§eks qf'age, which was maintained until the time of sacrifice. Pre-



vious studies from our laboratory have shown that this interval running
program results in significant anaerobic training effects (Reardon, 1975;

Wilkinson et al., 1976; Jobin, 1977).

EXPERIMENTAL DESIGN
“Six grodps of exéerimenta1 énima]syweré used in this study (Table ])1
Two groups received exercise treatment (ST15 and ST25) while the others
remained as sedentary controls. C5 and ST5 groups served as inifia] con-
tro]lanimals and the ST5 group was designated as such to balance the sta-
tistical design. A]thoth they did not train it was necessary to estab-
Tish this group so that the data could be efficiently handléavwith a two
way analysis of variance. The bther two groups, C15yan& €25, served ag'
age-matched controls for the training grbups. Sedentary control groups
provided data on normal skg]eta]_musc]é deve]opmenté] patterns between 5,
15 and 25 weeks of age, while the two train1ng éfoups e]ucidatedlthe ef-
fects of sprint training on these developmental patterns., Selected par- .

ameters of growth, muscle fibeé typing, and net protein synthesis were

A investigated as indicated by the dependent variables Tisted below.

1) Body Weight (grams) (g);
2) Muscle Weight (g)
3) Slow-Oxidative (SO) Fiber Types (% distribhtion)
4) Fast-Oxidative-Glycolytic (FOG) Fiber Types (%)
5) Fast-Glycolytic (FG) Fiber Types (%) |
%) SO Fiber Areas (square micrometers) (u2)
7) FOG Fiber Areas (u°) o
8) FG Fiber Areas (u°)
9) Total Homogenate Protein (milligrams) (mg)
- 10) Total Homogenate RNA (micrograms) (ug).
11) Total Homogenate DNA (ug) —
12) Homogenate Protein Concentration (Conc.) (mg/q wet weight)



13) Homogenate RNA Conc. (ua/g wet wt)
14) Homogenate DNA Conc. (ug/g wet wt)
15) Total Myofibrillar-Nuclear Protein (mg)

16) - Total Myofibrillar-Nuclear RNA (ug)

17) Total Myofibrillar-Nuclear DNA (ug)

18 Mybfibri]Tar-Ndé]ear Protein Conc. (mg/g wet wt)
19) Myofibrillar-Nuclear RNA Conc. (ug/g wet wt) -
20) Myofibrillar-Nuclear DNA Conc. (ug/g wet wt)

21) Total Mitochondrial Protein (mg)

22) Total Mitochondrial RNA {ug)

23) Total Mitochondrial DNA (ug)

)

)

)

)

)

)

)

)

) Mitochondrial Protein Conc. (mg/g wet wt)

25) Mitochondrial RNA Conc. (ug/g wet wt)

) Mjtochondrial DNA Conc. (ug/g wet wt)

) Total Microsomal Protein (mg)

) Total Microsomal RNA (ug)

) Total Microsomal DNA (ug)
) Microsomal Protein Conc. (mg/g wet wt)
) Microsomal RNA Conc. (ug/g-wet wt)
) Microsomal DNA Conc# (ug/glwet wtj
) Total Soluble Protein (mg)
) Total Soluble RNA (ug)

35) Total Soluble DNA (ug).

36) Soluble Protein Conc. (mg/g wet wt)
37) Soluble RNA Conc. ¥(ug/g wet wt)

38) Soluble DNA Conc. (ug/g wet wt)

39) Total Number of Nuclei ( X 10°)

40) Number of Nuclei Conc. ( X 10%/g)

STATISTICAL ANALYSIS

Comparisons of the dependent variables listed above were

done using

a two-way analysis of variance (S.P.S.S. ANOVA program) atcofding to Nie

~et al., 1975. Group means were compared to givé méin effects

cise treatment (A), normal muscle development or time (B) and

for exer-

an inter-




attion effect (AB) as shown in Tab]e_II. Post hoc procedures involved a

Newman-Keuls test (APL computer program, Appendix C) for 10cating‘si§nif—
icant mean differences as well as simpTereffects testing (Appéndix C)
(Steel and Torrie, 1960; Harter, 1970). Significant differenéesjwere
_ a&cepted at the alpha level P is less than 0.05, where P is the probabil-

ity that no difference exists between means.

TABLE II- TWO-WAY ANALYSIS OF VARIANCE TABLE
: FOR COMPARISON OF GROUP MEANS
NORMAL MUSCLE DEVELOPMENT-TIME (B)
. Control 5 wks Control 15 wks Control 25 wks
’ €5 C15 ; ’ €25
EXERCISE N=5 N=10 N=10
TREATMENT
(R) Sprint Trained Sprint Trained Sprint Trained
5 wks ~ ST5 15 wks ST15 25 wks ST25
. N=5 N=8 N=9

TISSUE' PREPARATION

The trained animals were sacrificed along with their age-matched

controls by decapitation (small animal guillotine) 48 to 60 hours after
the last exerciSe.session. After exsangﬁination the right and left gaé-
troénemius miscles were isolated and excised. A portion of the R. médié]
gasfrocnemius muscle. (100-200 mg) w65’used for. histochemical ana]}sis and
the whole L. gastrocnemius muscle {1-2 g) was trimmed of connective tis-

sue, blotted qnd_then weighed for biochemical analysis.. Both left and

11



right gastrocnemius muscle samples were then frozen in isomqgtane (2-

methyl-butane), precooled in 1iquid nitrogen and stored at -60°C for sub-

sequent analysis.
o

HISTOCHEMICAL PROCEDURES

Serial-sections (10u thick) were cut on an Ames Tissue Tek cryostat,
mounted on microscope slides, and agr;driéd for several hours béfore
staining. The sections were then stained for myosin ATPase -activity
(oH 9.4) according to the method of Padykula and Herman (1955) as modi- _
fied by Guth and Samaha (1969), NAbH—diaphorase aétivity as suggested by
Dubowitz and Brooke (1973) and alpha-glycerol-phosphate activity accord-
jng to Wattenberg and-LéBng (1960). Photomicrographs viere taken from the

medial head of the gastrocnemius muscle as this region has three distinct

 fiber tybes (Ariano et al., 1973). Four to six hundred muscle fibérs

"~ (mean = 515) were numbered and counted from each photomicrograph and

classified as slow-oxidative (SO), fast—g]ycpﬂytic (FG) or fast-Qx{dative-
g]yco]ytﬁc (FOG) according to the ffbér typing system of Peter et al.
(1972). Fiber populations were calculated as a percentage of the total
number of muscle fibers counted.

Mean muscle fiber areas Were estimated for 60 fibers per cross sec-
tion through the use‘of planimetry. Microscope s]ides were projected at
a magnification of x 750 and jndividua]'ffb rs were measured with a com-
pensating po]ar planimeter (Keuffel and Esspr, Germany) according to fhe
method of-Haxwe{1 QEJiLM(1973). From -sectNions stained for myoéin ATPase
whole R. medial crbss;sectional areas were brojected at a magnification
of x 12 and measuredfby»planimetr&., Calculations were then made estima-
fing the total number of fibers‘peré@usc1e’cross.section, toté]-nUmber of

fibers per fiber type, and the percentage contribution of each fiber type

12
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to cross-sectioha] area (Maxwell et al., 1973). This data may be found

in Table XXVI, Appendix C.

BIOCHEMICAL PROCEDURES

A1l preparative operations were made at 0-4°C un1e§s‘otherwise stat-
ed and biochemical tissue concentrations were expressed in mg or ug per
g wet wt of tissue. Frozen L. gastrocenmius muscles were crushed and»pow—
dered by hand with the use of a porce]aih mortar and pest1é at the teﬁ—
pekature of 1iquid nitrogen.  The muscle powder was then brought up to a
yolume of -Z0 m1 with 1ée'co1d buffer (50 mM tris-HC1a§;d 100mM KC1 at pH
7.4):€fcord{hg to Go]é%erg (1968) and Byregové g£ﬁ§l;,(1975). The muscle .

suspension was then homogenized with two strokes of a Broeck glass homo—v

genizer (Fisher Scientific Co.) fitted with a ground glass pestle which

-héd a clearance of 0.005-0.007 mm. ‘This homogenizer was designed to

, fracthre cells while it Teft nuclei and other cell constituents intact.

Differentiai centrifugation of the homogenate at 600 x gravity (g.) for
20 min- followed by washing of £he pellet and a further spin of the super-
natant at 1500 x g. for 15 min brbught down the myofibri]]ar-nuc1ear
fraction (Winnick and Winnick, 1960; Go]dberg,u1968; Kirnos and Vanyoshiu,
1976). The myofibrillar-nuclear pe]]éts were drained of supernatant, re-
suspended, combined and brohght up to & volume of 14 ml with buffer. The‘
sarcoplasmic fraction (supernatant and washings) was then brought up to a
Qb1ume of 12 m and spun in a Beckman L2-50 u1fracentrifuge.using a swing-

bucket SW-41 rotor. The mitochondrial pellet was brought§down with a

_spin at 22,000 x g. (R Average) for 20 min at 4°C (Seraydarian and

Mommaerts, 1965; Kirnos and Vanyoshiu, 1976). 'The'$upernatant wés-then
drawn off the m1tochondr1a1 pellet and recentr1fuged at 105, OOO X-g. (R

average) for 90 min at 4°C, wh1ch/41e1ded the m1crosoma1 peliet (Goldberg,



-~

W
/1968; Howarth and Baldwin, 1971). The supernatant from this final cen-
trifugation was then as per usual designated the so]ub]eqfngctiohy> Thg

mitochondrial and microsomal pellets were washed oﬁce'and then riehomogen-
ized in 4 ml of buffer with a tighf>%itt1ng Brock glass hbmogenfﬁer. Al

homogenates and»muscle fractions were immediately refrozen in clean gtass

%)

test tubes and stored at ~50°C for no longer than 10 days pkior to anaTy—f
sis. o . f
«

Skeletal muscle fractionation was verified with enzyme determinations
as-wkll as electron microscopic examination. Glucose—6—phosﬁhate dehy-
drogenase (G~6-PDH) was assayed spectrophotometfigal]y (Sigma Chemical
Co.) as a marker enzyme for the myofibri]]ar-nucTear and‘micrdséma1 frac-
tions according to Tq1bert (19%4), and there was a 9 %‘recovery of the
enzyme in the four subcellular fractions when compared to the total homo-

.genaté. No activity was detected in the mitochondrial fraction indica-
tfng that this fraction was almost completely free oflmyofibr111qr—nuc1e—
ar and microsomal fragments. Most of the G-6-PDH activily (86.2%) was
recovered in myof{bri]]ar—nuc]ear and microsomal fractions. The remain-
der (13.8%) was é;tgcted in the soluble fraction. NADPH dependent iso-
ciurate dehydrogenase (ICDH) was assayed accor@ing to E11is and Goldberg
(1971) as a marker enzyme for the cytoplasmic components of the cell (ie.

'myofibr111ar—nuc1ear and soluble fractjons). The recovery of enzyme ac-
tivity in the subée11u1ar fractions was' 94.2% when compared® to the whole
muscle homogenate. ~No detectable activity was found in the mitoéhondria]

" fraction while 3.8% of the activity was obsefved in the microsomal frac-

fion indicating a slight contamination. The réhaining 71.7% and 24.5%:3f
the activity was detected in the myofibrillar-nuclear and so]ub]é frac-

tions respectively. The enzyme verification data may be found in Table
: J

o 14
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XXVII, Appendix D.

E]ectron microscopic examination of the mitochondrial (Plate 1) and-
microsomal (Plate I1) fractions qualitatively revealed little cross-
contamination of these components. These fractions also appeared to be
free from myofibrillar-nuclear fragments (Appendix D)., 1t was observed,
however, that although most mitochondria remained intact an estimated 20-
30% of these organelles had a split in the outer membrane. This seemed
to cause é leakage of mitochondria] fluid. It is unlikely that this mem-

brane splitting occurred as a result of the fractionation procedure but

was possibly the result of the homogenation technigque utilized.

PROTEIN AND NUCLEIC ACID DETERMINATIONS

Duplicate protein determinations were made on 1.0 ml a1iquoté of the
homogenates and the four subcellular fractions of the L. gastrocnemius.
Then either 4.0 m1 or 1.0 ml of 0.3 N KOH was added to thése aliquots to
solubilize protein (see Appendix E). .Affer wa;miﬁg this solution at 37°C
for 30 min protein was measured by a modified Lowry (1951) metﬁdd‘using
bovine albumin standards (Hdwarth and Baldwin, 1971).
| RNA and DNA were extractéd in screw cap culture tubes by a modified N
" Schmidt-Thaunnhauser method as suggested by Munro and Fleck (1965). A
1.0 m1 volume of ice cold 0.6 N perchloric acid (PCA) Wa§ added.to 2.5ml
aliquots of the muscle fractions. After centrifugation at 1,000 x g® for
20 min the resulting precipitates were washed and recentrifugéd twice in
cold 0.2 N PCA. The precipitate was then dissolved for 1 hour in 3.0 m]
of 0.3 N KOH warmed to 37°C in a metabolic shaker bath. Protein was then
precipitated with 3.0 m} of 1.2 N PCA added to the hydrolysate mixture,

which was centrifuged at,1,000 x g. for 20 min. Thé pellet was washed and

-



recentrifuqed twice with 2.0 ml of 0.2 N PCA. The combination of the
supernatant and washings contained the ribonucleotide products of RNA
hydrolysis. The remaiﬁing sample pellets were then treated for 20 min'
with 2-ml of 5% trichloroacetic acid (TCA) warmed to 70°C ‘in a metabo1;
ic shaker bath. This hydrolysate mixture was{cpo]ed in an ice bath to
stop any DNA degradation éfte; which it was éentfifuged for 15 min étA
],OOO';.QZ The supernatant containihg the hydgolyzed DNA end-products
" was drawn off the pe11et.and tragsferred to clean culture tubes for sub-
sequent analysis. | |

< : . _

RNA was determined spectrophotometrically using a two wavelength me-
thod (260 nm-and 232 .nm) to cprrfct for protein contamina® 0 (Hytchinson
and Munro, 1961; Fleck and Begg; 1965;‘Munro and Fleck, 1966)L Appropri-
;te blanks and calf Tiver RNA sgandards were used. Details of the method
-u;edhfor RNA determfnétions”%;e outlined in Appendix E. -

DNA was measured sbectrophdtometrica]]y at 490 ﬁﬁfaccording-to the
modﬁgpéd Indole procedure suggesfed by‘Hubbard et al. (1970). >Ca1f thy-
mus DNA standards.and. blanks Wéfe analyzed with each set of DNA determin-
~ations. Details of the Indo1é.procedure for DNA measurement are outlined
in Appendix E.  Duplicate aeterminations were made for both RNA and DNA
in the homogenates, myofibri]]ar;nuc1ear and soluble fraétions. However,
single readings were recorded for the mitochondrial and microsomal frac-
tions due to the limited size of thé rat gastrocnemius r C =.

The total number of nuclei per L. gastrocnemius muscle was estimated

[

from the total homoéenate DNA content according to the followiiyg equatidn:

3

Total Number of Nuclei ; Total Homogenate DNA (mg) x 10
(millions) - 6.2 .

where 6.2 ‘is the amount of DNA in millimicrograms in-a single diploid rat

16



nucleus (Winick and Noble, 1965), The concentration of nuclei pef gram
wet wt of tissue was then calculated by dividing the total number of nu-

clei by the musc1é weight (g).

1
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RESULTS

The results are presented under six major headings: Body Weights
and Musc]e Weiahts, Total Muscle DNA and Concentrations, Total Number of
NucTei_and Concentrations, Total Muscle Protein and Concentrations, Total
Muéc]e RNA and Concentratiohs,»and Fiber Types and Fiber Areas. Group
data are summarized in tabu]dr and graphical forms which diép]ay.means,
standard errors of the mean and significant effects. The signfficanﬁ
effects have been symbolized u1th the letters A (ma1n exper1menta] effect
for training), B (main effect for time or deve]opment) and AB (interaction
. effect between train{ng and time). Comolete data for—adl experfmenta]
.animals is presehted in Tableé'VIi through XXIV, Appeddix B. Analysis of
variance tab]es-and"postlhoc procedures .for each dependent variable ‘are

Tocated in Appendix C.

BODY WEIGHTS AND MUSCLE wEfGHTS

Géodp means for body weights and muscle weights arershown in Table
ITI. 1In each case there was significant‘growth over time (B) and signi-
ficant mean differences were observed between 5, 15 and 25 weeks of age
in both. the tra1n1ng and control groups. A1though sprint tra1ned animals
in groups ST15 and ST25 were 33 and 12 grams 11ghter than the1r age-'
matched controls these differences were.not significant. Simi]ar]y, no
differences were found in the gastrocnemius muscle weights with training

and there were no interaction effects. Cbmp]ete body and muscle weight

" data may be found in Table VII, Appendix B.

TOTAL MUSCLE DNA AND CONCENTRATIONS

The data in Table IV is a'summary of the total DNA group means (ug)

e



19

Ty

mo.o UPY} SS3| St d 843uM 3WL] JO S|9A3| UBBMIAQ mmucm.»ot._v Jued L LUbLS
: ; . *
L00°0Q UBeY} SS3| SL d 943ym (g) SwL]| 404 3239449 uteuw quedLjLubiLs q
(W3s) uesaw mﬂ 30 mLotwa._mccBm, YyaLm suesw dnouay .

LOL°0+  2.0°0+
g 29272 vve 2
) o+ 0°0L+
g 681 00§
(5193443 5¢lS 5l

LNVYJI4INDIS

©890°0+ £50°0+ £10°0+ 6000+ , . (B)
p28 L L68°1 £vv°0 SEY0 IH9I3M 3T70SNW
x ¥
6°Gl+  EEl+ A 6°L+ (6)
89¢ LOY 1zt o6l1  1HDI3M ACO9
X ¥
GLLS 519 §1S. $2
INIL 40 STIAIT ULIMK SdNO¥Y ki, . S3N8vIYvA

SdNOYY TVHWINY XIS 3IHL 40 SIHOIINM
372SNW SNTWINIOULSYD ANV SLHOIIM AGOY NVIW
JHL NO ONINIVYL INTYdS ONV JWIL 40 S133443 dHL ITI 318VL



20

¥ GO0 UBY} SS3| SL 4 94aym awiLl JO S|[3A3| U39M13Q S3JUSUISSLP JURILHLUBLS
! . "
{000 UPY3 SSB| SL J 9J49YM (g) Wil 404 309443 uiew juediyiubis q
_ (WIS) uesW 8yl JO SUO4UD pdepuels yjim sueau dnody °
€0+ 2°0% G 0% b CF L"0+ L'0+ (61) wNa
g L*L 'L L*L 5L 2'2 2'2 TYWOSOYI I
- . . ‘
AR 70+ G0+ G0+ Lo+ L0+ (6m) WG
¢ L'8 2’8 p'g 98 62 6°2 TWIYANOHIOL IW
. ,
0% §0% S por . £0+ [0+ L'or (6m) yNg
g 8°L 6°L 6'L 6'L b2 p'2 378n10S
P * .
_ . _ — _ C (6m)
0°Gb+ 2 e+ 8 2v+  GOE+ L LU 9°0L+ - YNG ¥v3T00N
X: 6101 glol - zeol 6901 LLe CLLE Y 171Y81J0AM
. * : . .
) A €96+ et 0€e+ 6 0L+ L6+ ©, (bm) vNa
g 2L01 9801 790t 5801 98e 298¢ © "31YN390WOH
. X . . :
5193443 G2Ls 522 SLIS 512 T 99
INYOT4INDIS IWIL 40 S1IATT HLIM SANO¥D TWWINY S319Y1¥YA

2

SdNOYY TWWINY XIS IHL NI 370SnH
SNTWINJOYLSYD 40 SNOILOVYES ¥yIN11308nS GNY 3LYNIDOWOH
JHL NI VNG TWL0L 3HL NO ONINIVHL INT¥dS ONY 3WIL 40 S103443 3HL AL 378VL

4



et e e A STy T BT £y A TR Ay en e apmbaame 18 W T SRR e

21

in the homogenate and subcellular fractions‘of rat gastrocnemius muscle.

. The mean recovery of DNA in the four fractions was 98.0% when compared
with total DNA in the homogenate. A significant increase %n total DNA
was found in the homogenate and all fractions of the gastrocnemius over
time (B). ‘ost oflthis increase occurred between 5 and 15 weeks of age, -
while no significant alterations in total DNA were evident between 15 and
25 weeks of age. Train%ng did not haNe any significant effect on total
DNA in any portion of the muscle, and there were no interaction effects.
The raw data for total DNA appears in Tables XX- XXIV Appendix B.

DNA concentration means (ug/g) are recorded in Table V. Deve]op—-
mental alterations were again evident 1n a11 parts of the gastrocnemius,
and significant decreases were observed in the DNA concentrat1ons at each

evel of time. As vas found with the tqta] DNA group means, sprint train-
ing did not alter DNA concentrations nor was there any significant inter-

action effect.. Tables XX-XXIV, Appendix B,.eontaih>the individual animal

data for DNA concentration.

TOTAL NUMBER OF NUCLEI AND CONCENTRATIONS

The group means for both variables are displayed in Table VI. Sig-
nificant growth changes in total number of nuclei and concentration ef
nuclei paralleled the total DNA and DNA. concentration results respective-
ly. The total number of nuclei increased signifieéntly from 5 to 15 |
weeks 6f age after which-time no change occurred. Neverfhe]ess, the con-
centration of nue1ei per gram of tfssue dropped significantly between 5,
15 and 25 weeks of age.’ Neifheretraining nor interaction effects were

observed with respect to the total number of nuclei: or concentration.
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TOTAL MUSCLE PROTEIN AND CONCENTRATIONS -

Tofa] protein data (mg) of the homoqenates and the four subcellular
fractions of the gastrocnemius muscle is illustrated in Figures 1.1
through 1.5. The méan recovery of total protein in the four fractions
was 97.6% when compared to the total homogenate protein. Significant‘
increases in total protein over time (B) were prevalent in all parts of
the .gastrocnemius. These increases proceéded from 5 to 15 to 25 weeks of
age with the exception of mitochondrié] protein which only chahged»be-
tween 5 and 15 weeks. | |

Total so]ub1evprotein (Figure 1.3) af 25 weeks of age was signifi-
cantly lower after sprint training, and the interaction effect (AB) was
also swgngf1cant.' A]though spr1nt training appeared to elevate tota]
‘myofibrillar-nuclear (Figure 1.2) and microsomal protein (Figure 1. 5) ‘at
15 and-25 weeks respectively, only the former trafning effect was signi--
ficant. Complete total protein data is,recordedvin Tab]es‘X thrbugh X1V
in Appendfx B. | |

. Group mean éohcentrations of protein (mg/q) are presented in Fig-
ures 2‘1 to 2.5. As was observed with the tota1lprotein'data, protein
, concentrat1ons in all port1ons of the gastrocnem1us rose s1gn1f1cant1y.
with muscle deve]opment A consistant significant increase in prote1n
concentration occurred between 5 and 15 wegks of age but was met with’
,Various'changes between 15 and 25 weeks. " There wés a significant drop o
| in homogenate and mitochondrial prote1n‘concentratidns, a rise in thé sol-
“uble protein fraction, and little change in the myofibrillar- -nuclear and:
microsomal fractions.

Spr1nt tra1n1ng elicited a significant increase in myof1hr1]1ar-

nué]ear prote1n per gram of tissue at 15 weeks (Figure 2.2), wh1]e a sig-
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nificant decline in soluble protein concentration (Figure 2.3) was evi-
, dent in 25 week old runners. \These myofﬁbri]]ér and ;oiuble protein al-
terations resulted fn‘significant time-training fnteractions\(ﬂ§7§
Training also appeared to e]évate the‘hombgenate and microsomé] protein
concentrations above control values at 15 and 25 weeks respectively, but
pn]yathe microsomal increase’ was gignifiéént. Mitochondrial protein con-

centrations were unaffected'by sprint training. The raw data for protein

" concentrations appears in Tables X-XIV, Appendix 8.

©

TOTAL:%USCLE RNA AND CONCENTRATIONS

| The data in Figures 3.1 through 3.5 summarize the total RNA values
(uq) %n‘the homogenate and subcellular fractibnslof rat gastrocnemius mus-
_c]e. The. mean recovery of total RNA in the four subcellular fractions
was 102.6% when the sum of these values were compared to” the total RNA in
the homogenate. Significant deve]opménta]-éffects (B) were found in the
homogenate and all parts of the muscle. In each case there was a promin-
ent rise in tota]nRNA between 5 .and 15 weeks of age. Tofa] homogénate,
.rmyofibri11ar—ﬁuc]ear and microsomal RNA continued to increase in control
muscles until 25 weeks of age. However, on1y the myofibri]]ar-nuc1eér
increase (Figure 4.2) proved significant. Total mitochondrial and sol-
uble RNA values were Tower or_Uhchanged ih the €25 controls as compared
to C15 animaTs, but these were non-significant occurrences.

Twenty-five week old sprint trained animals had significaqt]y more
total RNA in thg}soiub]e and microsomal fractions than did their'agb—
matched controls. Due to the e1evatjoh in total m%crosoma] RNA'at 25
wéeks (Figure_4.5)_a significant time-training interaction effect was
disclosed. SprintAtréined animals also had more total myofibr111afe

nuclear and -mitochondrial RNA than did the age-matched céntro]s at 15

27
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and 25 weeks respectively, but these differences were not s:ianificant.
Total myofibrillar-nuclear PNA (Figure 4.2) then sziiif+nnnL]y decreased

ih the 25 week old runners when compared to C25 conts The total RNA

s,
data for individual animals is presented in Tables XV-XIX, Aphéndix B.

The mean xiA concentrations«(ug(g) of the?gastrocnemius muscle are
illustrated in Figures 4.1 to 4.5. A]though total RNA increased with mus-
cle develooment, the RNA concentrations in the'homogenate and subcellular
fra;tions dec]ﬁned over ﬁime (B). A signﬁficant drop was obsérved in the
homogenate and myofibrillar-nuclear, soluble and microsomal fractions of
the.muscle between 5 and 15 weeks of'age. Although mitochondrial RNA con-
centration did fall from 5 to 15 weeks of age, this decline was not‘sig—
nificant (Fiqure 4.4). Decreéses in control RNA;concentrations were also
detected with growth from 15 .to 25 weeks, but only the homogenafe and
mitochondrial changes were significant. »

Several RNA concentration training effects were found in the subcel-
Tular fractions at various points in time. The STI5 concentrafion of RNA
in the myofibri]]ar-nuc]ear fraction was significant]y'greater (75 ug/g)
than that of the C15 group'(Figure 4.2).-5N0 dther significant djffer:l
ences between trained and control .animals were'obsér{éd at 15 weeks of
age. The'myofibrijlar—nuc1ear concentration of RNA was then reversed at
25 weeks, with the control yalues (C25) being 75 ug/g higher than those

of the runners (ST25). This reversal produced a significant disordinal

interacion (AB) in the myofibrillar-nuclear fraction. The RNA concentra- .

tions in the so]db]e, mitochondrial and microsomal fractions of sprint

-~

ined animals at 25 weeks of age were greater than sedentary contro]

(va]ues. /Hﬁﬁ;ver, only the microsomal RNA (ug/g) was significantly great-

X{;ﬁj}ggre 4.5). The increase in ST25 microsomal RNA was enough to pro-

30



duce a significant tfme;training interaction (AB) in this fraction.
Tables XV-XIX, Appendix B, provide complete RNA concentration data for

individual animals.

-~

FIBER TYPES AND FIBER AREAS \

Fast and slow twitch characteristics were easily distingﬁ%§héd from
sections stained‘for myosin ATPase as shown in Plates III,.IV and V, Ap~
pendix D. MNADH diaphorase serial sections had a gkeater range af stain-
ing intensities (Plates VI, VII and ViII, Appendix C), nevertheless they
differentiated oxidative properties of the muscle fibers quite well.
Alpha-glycerol-phosphate stained sections were not used fn fiber classifi-
cation unless there was some discrepancy 1h the oxidative stain.

Mean percentages of SO; FOG =r1 FG fiber types in the medial head
of the gastrocnemius muscle are illustrated in Figures 5:1, 5.2 and 5.3
respectively. Developmental sh7ts in fiber composition with aging (B)
were significant in all thrée fiber types. A significant increase in the
S0 fibéf population (Figure 5:1) was observed between 5-and 15 weeks ofﬁ
‘age f;usedentdry control animals. FOG fiber percentages of the control-
groups remained unéhanged over time, whi}e a éignificant dec]fne in the
proportion of FG fibers was eQident between groups'CS and C15.

- Runners in both of the training groups tended to have %-4% fewer
SO fibers (Figure 5.1), but neither the training effect nor the interac-
tion were sjgnificant. ‘Figures 5.2 and 5.3 reveal §ignif1cant sprint
training (A) and inteféction effects (AB).: Sprint: training produced a
significaht 13% decrease in FOG fibers at 15 weeks of age (Figure 5.2),
and this difference was maintaineq tq\25'weeks. A concomitant 15% sjgnif—
_icant inerease was observed in the FG fibef distributions (Eigure 1.3) of

15 and 25 week old runners. The significant interaction indicated that

31
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sprint training modified normal fiber type development by reQersing the
relative proportions of FOG énd FG muscle fiber types. Complete fiber
type data for each animal appears'fn Table VIII, Appendix B.
| The data for mean fiber type areas is displayed in Figufes 5.4, 5.5
and 5.6. Significant increases in the SO and FG mean fiber areas were

" observed with development (B) between 5 and 15 weeks of age, whi]é FOG
fiber areas (Figure 1.5) were significantly larger at all three points in
time. Sprint training significantly increased the SO mean fiber areas at
both 15 and 25 weeks of age while a significant enlargement of the FG mean
fiber areas (Figure 1.6) was not evident until 25 weeks of age. Training
appeared to -have no effect on the mean areas of FOG fibers and no signify
icant interaction effects were preyé]ent. The mean fiber area data for
individual animals is found in Table IX, Appenaix B. |

On the basis ;}.who1e medial gastrocnemﬁus area estimateé (Table
XXVI, Appendix D) and mean fiber érea data (Figures 5.4—5.6), the total
numbef of fibers and the percentage crqss—seétﬁona1 area of a.givén fiber
type were calculated (Table XXVI). The estimated tota]inumber of muscle
fibers in the medial gastrocnemius dec]ined"from approximately 43,800 to
132,300 to 25,600 at 5, 15 and 25 weeks respective]j. There did not aﬁ—
pear to be any differences in the estiméted total fﬁber numbers Der_cross
sgction between trained and sedentary control‘animals. ngeéer, zprint
trainedvanima]s.did seem to have a greater total number of FG fibers a-
long with a concomitant decrease in .the estfmated total number of.FOG and
SO fibers when compared with the age-matched controls.
Sprint trained groups also had a 15% and 18% enlargement of the FG'

fiber érea'qf th; whole muscle cross section at 15 and 25 weeks of age

Qg.respective1y. A corresponding drop in the total FOG fiber percentage ar- -

~—

o
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ea was also found. This data corroborates the changes observed-in mean
fiber areas found in Figures 5.4 to 5.6. No differences were evident in
the total number of SO fibers or the SO fiber percentage area when trained

animals were compared to the age-matched controls.



DISCUSSION” '

The discussion is presentédHUnder the same major headings aé were
used previously: Body Heightg and Muscle Yeights, Total Hﬁscle DNA and
Cdncentrations, Totg] Number of MNuclei and Concentrations, Total Muscle
Protein and Concentrations; Total Muscle RNA and Concentrations and Fiber
Tyoes and Fiber Areas. An attemot has been made to explain and integrate

“the changes obsérved with deve]obment and sprint training in conjunction

with related literature.

»

N

BODY WEIGHTS AND MUSCLE VWEIGHTS

The increase inAbody and gastrocnemius muscle weights of deve]opfng
.‘ sedentary controT rafs found in the present study has been well documented
(prarth and Baldwin, 1971; Bailey et al., 1973; Hubbard et al., 1974;
" Hoﬁston and Green, 1975; Giovannetti and Stothers, 1975; Pitts and Bull,
197€). A]tpough sprint trained rats tended to weigh less than sedentary .
controls (Table III),.the differences were not significant. Similar non-
appreciable differences in body weight have Béen reported by Baldwin
‘et al. (1976) and Jobin (1977), while other researchers have found that
sprintvtrainﬁng leads to reduced body weights (Staudte gg;gi,, 1973;
lHouston and'Green; 1975; Hickson et al., 197G6). Houston and Green (1975)
have sugges%ed that vigorous t}aining programs have an appetite—suppres;
sing effect while sedentary control rats tend to accumu]dte Targe fat de-
posfts. This proposal seems to be1ju§tified in the case of moderaté in-
'terval and endurance traﬁning programs (Hubbard g}_glg, 1974, Houston—dnd
Green, 1975;>Mackie, ]%77), But the effects of short.duration, h{éh inten-
sity sprint training remain unclear. If appears that body.Weight changes
with traﬁﬁing,ére dependent upon a number_5f factors including age, sex, .

-
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intensity, and duration of the training regimens.

It was originally suspected that High intensity sprint training
might resu]trin‘whole muscle hypertrophy of the gastrocnemius because
weighf training regimens have produced this adaptation‘(Go?QOn'ggwgl.,
1967b, Jaweed et al., 1974). However, this hypothesis was not substanti-
ated (Table III). Although whole muscle hypertfophy ﬁas'been reported
.with endurance running programs (Jaweed gﬁ_gi,, 1974), the data from this
investigation compares favourably with feceht reports that muscle weights
are unaffected by sprint training (Baldwin gﬁ,gl;ﬁ‘1977; Hickson et al.,
19775 Jobin, 1977). Findings of selective muscle fiber hypertrophy will

be discussed in the section dealing with meanrfiber areas.

TOTAL MUSCLE DNA AND CONCENTRATIONS

DNA a]terationé in deve]opinQ_ske]etaj muscle are.markea by an in-
crease in-total (ug) DNA with an overé]] Qec]ine in concentration (ug/g)
' Ovérvtime (Devi et al., 1963; Winick and MNoble, 1965; Gordon et al.,
-1966; Howarth and Baldwin, 1971; Bailey eksal., 1973; Hubbard et al.,
1974, Fow]er.gg_glj, 1977). Comparable resu]ts'shown in TabTe V indica-
ted a rapid drop:in DNA concentration between 5 and 15 weeks of age'fo1—
Towed by a more gradual decrease up to 25 weeks. Devi §§_§l4 (1963) and
Winick (1965) have both shown that DNA concentrations are highest at
birth and undergo an even more dramatic decline between birth and severq]
weeks of age. It appears quite clear from this study and othérs that
initial 1nchease;_in_whole muscle nucleic acids do nof match the rapid
growth in muscle due to net protein synthesis, and consequently both- |
DNA and_RNA muscle concentrations fall with growth.

Inconsistancies still exist coﬁcerning the effects of training on

skeletal muscle DNA." Bailey et al. (1973) and Hubbard et a1. (]974) have

T nama it i e ae e e
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reported that 9 weeks of endurance swimming and treadmill running respec-
tive]xf maintain DNA concentratiéns'of rat soleus, plantaris and gastroc-
nemius muscles above ﬁorma] control levels. This investigation, however,
revealed no changes in DNA in any .portion of rat gastrocnemiué after high
intensity sprint training. This finding is in accordanée with the work of

Gordon et al. (1967a, 1967b). ~

lIt may be thaf the differences in experimental DNA data jp this and
the four othe} studies referenced previously are related to the factors of
growth and training intensify.: It seems that skeletal muscle DNA concen-
tration is not a[tered with high ihtensity training, whether it be sprint-.
ing or weight 1ifting, regardless o% animal age (Table V, Gordon et al.,
1967b77 8n fhe other hand,. DNA concentrations do appear to be maintained
at higher levels in young en&urance trained animals (Bailey g;_él,,-1973;
Hubbard.et al., 1974). This édaptatfon, however, appears to;be_age'depen—
dent because Gordon é}_gl, (19675) found no change in adult endurance

trained rats.

TOTAL NUMBEE OF MUCLEI AND CONCENTRATIONS

. Total number of nuclei and concentrations per gram of gasf;ocnemius
muscle (Table VI) necessarily fo}1owéd the same deVe]opmenta] patterhé as
were observed in homogenate DNA because this data was ca]tu]ated“%rom to- -
tal homogenate DNA vajues. These calculations are based upon the assump- -
tions that DNA is Tlocated almost entirely within the nucleus, and that a
siné]e dip]oid'rat nUc]eys contains a giQen quantity of DNA (Enesco and
Puddy, 1964; Winick and Puddy, 1965). The present results corroBBrate'the
findings of Hubbard et al., (1974) who found increased nuclear prolifera-

tion in rat gastrocnemius between'7 and 13 weeks of age, whi]e training

had no effect on this growth phenomena. It, theréfore, appears that nei-

<
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ther endurance nor sprint training can modify the norma] growtp patterns
related to accumulation of muscle nuclei since these'developmenta1 changes

are Tikely genetically predetermined.

TOTAL MUSCLE PROTEIN ANDACONCENTRATIONé

- Normal growth is associated with a large prep;berta] rise in whole
ﬁusc]e-protein (mg) followed by a ﬁore gradual protein increase after bu~
berty (Devi fﬁ;jil.; 1963; Winick and Nob]é, 1965; Sfivaétava and Chaudhary,
1969; Howarth and Batdwin, 1971; Burleigh, 1974;‘Hﬁbbard et al., 1974,
Gioyannetfi and Stothers, 1975; Millward et al., 1975; Fowler et al.,
1977). MiTlward and co-workers \1975) have shown that the growth rate of
fét gastrocnemius‘is approximately 4 times higherlbetweén 3 and 9 weeks of
age fhan between 9 and 47 weeksRA Both whole muscle and total subcellular
protein ingygased in a similar quﬁion in this jnvestigation. The only
depérfure f}om fhis developmental protein increase was the lack of change
_in the mitochondrial fraction betweeh 15 and 25 weeks Of.age (Figure 1.4) 
This finding is in accordance with-the work of -Srivastava (]968,']969)
and suggests that the increases in'mugochondr1a1 profein before puberty
are adequate enough to handle the aerobic demands placed upon growing ske-
letal muscle. ' . o~ |

Protein concentrations (mg/g) in a]]bparts of ;hebgastrocnemius a]éo

rose between 5 and 15:weeks df age- and fhen showed no change or a slight R
decrease at 25 weeks. SrivastaVa and Chaudhary (1969) have reported con-
'COmitant protein concentration increases in mouse ske]eta] muscle and
subcellular fractions between 4, 13 and 21 weeks of age."These authors
did report someWhat hjghﬁrvpﬁoiein concéntratibn values in mouse hindlimb
muscle, with a 31>mg/g ﬁncrease in homogenate concentration.ﬁetween 13

and 21 weeks of age. A non-signifigget 10 mg/g decrease in homogenate
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~protein was revealed in the present investigation over a comparable time
period (Figure 2.1). Nevertheless, it 1s.difficu1t to make accurate com-
parisons betweén experimental data from different animals.. Burleigh
(i974) has pointed out that growth rate differences are quite apparent
between skeletal muscle groups and‘species of animals. |

Protein a]ferations in-resoonse to muscular exercise are dependent
on many factors and relatively little research has been done in this
area, He]]ander (196]) or1g1na11y reported an increase in myofilamental
nitrogen content in the calf muscles of endurance trained guinea oigs,

: Whereas Gordon and co-workers claim an e1evation in saroop1aemic protein
content of endurance trained rat- quadriceps muscle (Gordon et al., 1967a;
Jaweed et al., 1974). Hubbard et al. (1974), on fhe other hand, could
not show any change in rat anterior tibialis myofibrillar, sarcop]asmio
and stromal fractions after 9 weeks of endurance running.

There was some reason to be]ieve.that myofibrillar protein content
of rat skeletal muscle might respond to high inteneity eprint ‘training
because increases in the protein content of this fraction have been re-
ported with we1ght training programs (Gordon et al., 1967b; Jaweed et al.,
1974). Ten weeks of sprint running did significant]y'increase the total
‘protein and protein concentration in the myofﬁhri]]ar-nue1ear fraction of
gastro“nemius-over age-matched controls. However, this adaptation was
not maintained over the next 10 weeks of trainin§ (Figures 1.2 and 2.2).

"~ The homogenate protein concentration ref]ected a similar yet non- s1gn1f1-
cant training effect It appears, therefore, that a]thoughvnorma1 musc]e
growth may be altered with prepubertal spr1nt tra1n1ng, these changes in
myofibrillar protein content may on]y be transient. It might also be sug-

'gested that the post-puberty sprint training prog-zm did not represent a
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sufficient overload)to older animals to maintain the preVioué]y achieved
myofibrillar-nuclear protein adaptations..

A]thoﬁgh there were significant ékdwtﬁ intfementsrihitoté1 protein
and concentration inygastfocnemius/musc1gY no differences from this aging
pattern were observed in the soluble, mitéchdndria] and microsomal frac-
tions after 10 weeks of sprint running\zg;gures 1.3-1.5 and 2.3—2.5).- A
loss of soluble and an increase in microsomal protein.Qas evident in these
fractions Qith a 20 week sprint training program. Gordon et al. (1967b)
have reported a decrease in sarcoplasmic orotein cqnteht of weight-trained
rat quadriceps which may correlate with the soluble prdtein Jecrement
foUnd in this experiment. Russian exercise ;cientists have observed a N
2 %fincrease in the protein content of scarcop]ésmic reticu1um after high
speed training (Yakov]ev,']975) and similar microsomal protein changes .
were found in this investigation. These»resu1ts.coub1ed with reports of
increased calcium uptake of sarcop1asmic reticulum  (Bonner et al., 1977;
Sembrowich and Gollnick, 1977) syggest that the skeletal muscie sarcotub-
ular system can be modified in both function and structure with'traiping.
This potential for adaptation is also supporfed by fjndings,of greater
RNA>concentrations in the microsomal fraction after training (Figu;e 4.57
.. and Rogozkin, 1976).

\ Although endurance training programs seem touincrease,skeletéT\mus—
'cfé'mitochondr1a1 protein ¢ ntent.by as-much.as 30% to 60% (Ho]]oézy,
1967; Edington, 1969; Yakovlev, 1975), high ingghsity sprint training did
not appear to affect the quantity of protein 1h‘thisAfraction:(Figures.
1.4 and 2.4). The anaerobic nature of this activity, therefore, does nof.
appear to necessitate_a]teratiénsrin the bxidative potential of the gas-

trocnemius muscle. ' ' -



TOTAL MUSCLE RNA AND CONCENTRATIONS
~ A consistent rise in the total RMA matched with a decline in RNA
concentration has been reportéd in homogenates and subcellutar fractions
:of growing rat and mouse skeletal muscle (Devi et al., 1963; Srivastava
et al., 1968, 19695 Howarth and Baldwin, 1971; Giovannetti and S£others,
1975; Fowler et al., 1977).~ The BNA results of this investigation (Fig-
ures 3.1 to 4.5) showed similar developmental pattefns and were consis-
tent with the rat gastrocnemius data recorded by Howarth (1971) and
Siovannetti (1975). . EQé; though“totalhéﬁg]etal muscle RNA increases with
age these increments are-not of the saﬁe magnitude as the accumulation of
muscle protein and weight., Therefore, when RNA is expressed per gram of
)muscle tissue the ﬁoncéntrét{on of RNA actually drops.
Few work physiologists have examined the effects of exercise on net
~RNA synthes%s in skeletal husc]e,‘but,increases in RNA polymerase @ctivi:
ty and the incorporation of radioactively tagged amino acids into nuclear,
~ microsomal and ribosomal RNA\fo11owfng exhaustive exercise have been doc-
umented (Bostrom et al., 1974; Rogoékin, 1976a, 1976b). The preseht fn-
vestigation reveé]ed a slight but non~sign1ficant1increase'in total homo-
geﬁate»éNA after training, while whole muscle RNA cohcentratibﬁ was not
different | . the normal control data: Sprint training did appear to

-produée a redjstribut?og of RNA 1n‘ﬁhe‘gastrocnemius Subce]]ﬁﬁarﬁfractions.

Lot

concentra-

JE:A significantly smaller decrement in myofibrillar-nuclear RNA
i _ . o 1

tion was found in the ST15 group when compared to age-matched controls
(Figure 4.2). This coincided with the greater increase.in protein con-
" centration observed over the same time period. No other RNA alterations

swere evident in sprint trained animals up to 15 weeks of age; This im-

- % ‘ v
" plies that myofibrillar-nuclear RNA is most likely responsible for the

o




ingreases in net protein synthesis in this fraction in developing sprint
trained'musc1é. Burleigh (1974) has reported tHat grovina myo- Is have
rovs of ribosomes on'the ‘surfaces between fibers which suggests that myo-
fibrillar p}otein development may be depefdent upor +ibosomal RNA. It,
therefore, remain?lunc1ear whetherktraining induced A contentratioh in-
creases at 15 Weeks\are due to enhanced production of nuclear RNA or myo-
fibri]]ar associated ribosomal RNA.

Ten more weeks of sprint training seemed to reversé the subcellular
distribution of gastrocnemius muscle RNA. In control animals myojﬁbri]lare
riuclear and microsomal RNA concentrations were unchanged between 15 and 25
-weeks of age, while so]ub]e and mitochondrial levels continued to decline.
Spr&nt t}aining, however, produced a Significaht decrease in the myofjbri]-
1aﬁfnuc1ear RNA concentration while soluble, mitochondrial, and microsomal
fractions of RNA.were aporeciably hjgher than age-matched controls. Most
of the RNA,found in sarcoolasmic fracﬁions of skeletal muscle is of the |

ribosomal type (Young, 1970, 1974; Millward et al., 1973). Soluble frac-

tions tontain free ribosomes, while sarcoplasmic reticulum bound polyribo-
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somes are located in the microsomal portion (Burleigh, 1974; Rogers, 1976). A

Rbgozkin (1976b) has pfoposed'that traiﬁing results in an increaséd nu-
c]ear—cytob]asmic transport of RNA.V He also reports a rise in free amino
acid concenfrations in exercise adapted muscle. He suggests that this ad-
'aptation, coupled.with thg increased translocation of ribosomal RNA, pro-
duces an optimal condition for,enhanéed”protein synthetic actiVityu In*®
this study no evidence.was found for increased net protein synthesis in
whole musé]é. It is possible that gxe;ci§e grgat1y increases skeletal mus-

cle protein synthetic activity, but accelerated degradation rates preclude

a net ga$nzin whole muscle protein. The data from the present investiga-



tion suggested a shift in RNA from muscle nuclei to the sarcoplasm with
training between 15 and 25 weeks of age. It also provided evidence for
"net synthesis of m1crosoma1 prote1n in conjunction with a rise in the RNA

content of this fra;t1on.

There has been increasing evidance over the last few years that the

requlation of nucleic acid and protein synthesis under conditions of over-

load is influenced by endogenous regulators such as creatine,amino acids,
ATP, ADP and cyclic AMP (Meerson, 1975; Ropers, 1976; Rogozkin, 1976a,
1976b). Although these variables were not measured in this investigation,
changes in these compounds during e;ercise may implicate them as regula-
ting factors (1eerson, 1975 Neural and hormonal influences are also
11ke]y candidates for theicontro1 of protein and nucleic acid metabolism
in exercise adapting ske]eta] muscle (I1'in et al., 1970; Young, 1970,

1974, Edgerton, 1973; Trenkle, 1974; Buresova et ale, 1975).

EIBEQ TYPES AND FIBER AREAS
v Developmental shifts in the fiber type popu]at1ons of various ske-

letal muscles have been reported by a number of investigators (Cooper
et al., 19705 Faulkner et al., 1972 Maxwell et al., 1973; Gutmann et'al
1974, Cpr]ese and Nelson, 1976). The present research revealed altera-
. tions in SO and FG fiber distributions of the medial gastrocnemius be-
“tween 5 and 15 weeks of age,vwh11e FOG percentages remained constant

(Figures 5.1-5.3). No significant differences were found in any of the
fiber types,between thé €15 and C25 groups. These f1nd1ngs;d1f;er with
those of Meckie (1977) who showed no change in SO fiberepereentages and
a s]iéht increese in the number of 'FG fibers with.deve1opment to 15 weeks.

However, fiber popu]atipn estimates are prone to large variations depend-

ing upon the selection of counting sites and the criteria used to count
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NADH-diéphorase stained sections.

A marked reversal in the distribution of FOG.-and FG fibers ‘in\mned-

ial gastrocnemius after 10 and 20 weeks of sprint training is shown in
Figures 5.2 and 5.3. These results corroborate earlier findings of in-
creased FG fiber percentages with sprint training of young animals
(Gaboriauit, 19775 Jdobin, 1977; Mackie, 1977). However, this égercise N
adaptation may be age dependent because Fitts et al. (19%3) and Saubert

Si_il- (1973) were unable to demonstrate FG fiber type changes w;th

“sprint training of adult miniature pigs and rats respeciive]y.

The slight decre;se in SO fiber percentages with training was not
significant (Figure 5.1), and thus the fiber typing data does not provide
‘evidence for a conversion of contractile characteristics in muscle fibers.
devertheless, a shift in the metabo]ic propertiéS"of the fast—twitch fi;“§y
bers does seem to have occurred in the spriné’trained medial gastrocnem-
ius. The increase‘fh the proéortion of FG fibers with a concomjtant-loss
of FOG percentages infers that fast-oxidative—g]ycolytié fibers have lost
some of their oxjdétiveipotentia1. On the other hand, tota]lfiber number
estimates (Taé]e;XXVI, Appendix D) provide'another explanation. A sub-

" stantial drop'yas observed‘in the estimated total number of fibers: per
medial gastrocnemius of control animals from 5 to 15 and 15 to 25 weeks
(Table XXVI) in all three fiber types. Sorint trained anima]é, however,’
seemed to maihtgin FG fiber numbers over time. These findings imply that
the inéreaser}n FG fiber percentages found in spriny runne may only re-
flect a maintenance of total fast-g]fco]ytic fiber ngmbe;s .bhef than a
netabolic shift. |

Rea' *on (1975) has reported blood lactate values in excess of 180

mg® in s . ~ined with the same program used in this investigation. A



similar training regimeh‘represents 160% of the workload elicit Voz
“max. (Séuberthgt_gl;, 1973). This leads to the conclusion that sprint
runninq repfesents a highly anaerobic activity for these animals requir-
ing ranid energy oroduction from glycolytic metabolic pathways. The gly-
~colytic enzyme traiﬁing adaptations reported by other 1nve§tigators sup-
port this conclusion (Staudte et al., 1973; Fitts et al., 19743 Hickson
et al., 1976; Baldwin et al., 1977; Jobin, 1977). A maintenance and/or
<hift in fast-twitch fiber populations toward FG fibers would, therefore,
be an adaptation specific to the metabolic demands of sprint trained
skeletal muscle. | | ,
Hyperplasia has been suggested as énother response to exercise and
surg}ta] overloads (Edgertonz 1970; Reitsma, 1970; Ha]]-Craggs, 1972;
Gonyea and Ericson, 1977). The estimates of medial gastrocnemius fiber
numbers (Table XXVI) in this study gave no evidence for thts theory.
However, it was not within the‘scope of this.investigation to accurately
determine whether fiber splitting occurred. Therefore, hyperplasia re-
mains as another possible mechaﬁism of adaption in'sprint trained musc]é.
Most musc]e fiber area hypertrophy occurs during the rapid growth
oeriod between birth and puberty (Cooper et al., 1970 Faulkner et al.
1972; Maxwell et al., 1973; Burleigh, 1974; Muller, 1975; Curless and

Ne]son, 1976; Hickson et al. 1976b)“ Many of these researcheré have al-

so found that the increase in- fiber areas is 1ess prominent after puberty.

Medial gastrocnemius fiber areas of.all three fiber types in this inves-

tigationVWere substantially enlarged at 15 weeks of age (Figures 5.4-5.6),

and the mean values were almost identical with those reported by MulTer
(1975). These fiber area changes during development parallel the in-

creases found in muscle weights of growing rats and provide a firm base
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from which exercise specific alterations can be studied.
7 Selective hypertrophy of skeletal muscle fibers with various. modes
of training has also been reborted in the literature (Gordon et al.,

' ]§é7a, j967b; Faulkner et al., 1972; Maxwell et al., 1973; Howells and .
Go]dspink; 1974, Gonyea and Ericson, ]976). These stddies Qenera]]y.re-
veal hypertrophy of SO and FOG fiper tynes with endurance running, while
sorint and weight training programs normally-lead to FG fiber eﬁTargement.
Sprint tréining gave rise to both SO and FG ffber-hypertrophy in this ,jin-.
Qestigation (Figures 5.4 and 5.6)‘and,d{d not seem to affect the normal
development of FOG fibers (Figure 5.5), A1tﬁqugh sprint training séemed
to deCﬁgase the percentage of ‘SO muscle fibers, these fibefs appear to

. have responded to training via hypertrophy. This implies sufficient re-
cruitment of slow-oxidative fibqu_to cause a training adabtationi On
the other‘hand hypertrophy of FG fibers in responsé to sprint training
appears tg_be time dependent. Initiatly an increase in the percentage of'
FG fibérs was observed in- the ST15 group, and this adaptation was.then“.

| fu#ther attenuated with hype;trophy of the FG fibers after 10 more_weeks
Qf sprint training. It should be noted that the histochemical data pre-
ssnted.in this study is only répresentatiye of the medial poftioh of the
gastrocnemius. If similar sprint‘training;adaptations occurred in the
whole muscle, which is composed of 95% faéf-twitch fibers (Ariano et al.,
1973), the overall shift to more and then “arger 3 fibers would have
been further amplified.

The decrease in the éstimated total number of ﬁedia]'gastrocnemius
'muscie fibers in controi animals (Table XXVI, Appendix C) was analogous

to the changes in guinea pig plantaris and soleus reported by Maxwell

-~ et al. (1973). ’Sprinf training did not seem to alter the estihatedNtofal

)



number éf muscle fibers, but a maintenénce of the
bers was observed instead of the decline seen with
tary controls. The percentage contribution of FG
muscle cross-sectional area was also much higher i

training groups. 'This data supported both the FG

total ﬁmeer of FG fi-
development in seden-
fibers to the whole |
n both of the sprint

muscle fiber hypertro-

phy results and the contention that a greater overload is placed on

hY

"these motor units during sprint training.

SUMMARY , COHCLUSIOVS AND RECOMMENDATIONS

1. Large deve]opmenta] changes in body weig
muscle proteins, nucleic acids and fiber compositi
maf growth of‘sedentary rats. The rate of change
is usually greater ddring,ear1y deve]opment (5 to
at Tatgr stages (15 to 25 weeks). Examination of
effects seems necessary for the chp1ete‘understén
cific adaptations in groQing‘ske1eta1'musc1e. )

2. Body weighfé, muscle weights, homogenate
fractions of DNA and est1mated numbers of nuclei d
fectedlby sprint training of young animals. Exerc
not appear to have a differential effect on normal
these -variables.

3. Whole ‘muscle protein and RNA content cha
after sprint training. However, redistribution of
selected subcellular fractions does seem to occur.
changes were the increase in myofibrillar-nuclear
10 weeks of training and the shift of RNA to sarco
_ 20 weeks of sprint running. These changes suggest

and RNA adaptatidns are tak1ng place in response t

hts, musc]e weights,

on. are found with nor-

in thesé parameters
15 weeks of age) than
these developmental

ding of exercise spe-

DNA, subcé]lu]ar
o not seem to be af-
ise of th1s type does

growth patterns in

nges are not evident
protein and RNA in
The most pertinent
protein and RNA after
plasmic fractions after
that protein synthet1c

0 h1gh intensity inter-
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‘val exercise, even though they are not manifested in whole muscle prepar-

o

ations.

4. Fiber éomposition changes resulting from sprint training re-
~ flect a maintenance and/of a sﬁift in fast-twitch fiber populations from
FOG to FG fibers. jEn]argement or h;sé?ffophy of FG fibers between 15 and

25 weeks of age further amplifies the training effect. - These'findings

'appear'to be an adaptation specific to the metabolic demands of high in-

tensity intermittant work, and imply a greater overload on FG motor
units during sprint exercise.

5. There is a need for further research on the effects of train-
“ing in developing skeletal muscle. Future investigatioﬁs might be aimed
at 9xamfning broteih and nucleic acid contents of sprint or endurance
trained muscles which are homogeneous in fiber composition. In this
way proteinvand nuc]efc ac1d synthesis could be related to specific mo-
tor units. Determinations of protein turnover in skeletal muscle would
‘also be valuable for the assessmen£ of protein adaptationé in reSpon%é
téieXErcise. The regulation of protein and nucleic acid metabo]ism_inv
response to exercise is another area of investigation which is widé

open to future research endeavors.
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REVIEY OF LITERATURE

! AND EXERCISE

SKELETAL MUSCLE FIBER TYPES, GRO.TH
Mammalian skeletal muscle from a variety of species including gui-
nea pigs (Barnard et al., 1970; Maxwell et al., 1973), cats (Burke et al.,
1973), horses-(Lindho1m gt_gl:, 1975), rats (Edgertonxet~al., 1969) and
humans (Edgerton et al., 1975; Prince'gt_gi:, 1975) is composed of three
musclie fiber types (Arteno et al., 1973). The fiber typing system of

Peter et al. (1972) classifies muscle fibers as slow-oxidative (SO), -fast-

. ;/5 ;j: ';: § e N
glycolytic (FG) and fastioxhdgtivé—g]yco]ytic (FOG) according to contrae—

tile speed and metabolic properties. A number of other c]ass1f1cat1on

systems have been used (Close, 1972), but Peter's system seems to be the

most functional.
These three muscle fiber types may be -partially differentiated dur-
ing prenata] growth. ‘hen a muscle celd first becomes recognizable in

the fetus it is called a myotube which is formed by the fusion of mono-

4

£}

nucleate cells ca]]ed myoblasts. Two types of ‘myotubes have been ob—

served and classified as primary and secondary. In certa1q1m1xed muscles
the primary myothbesaare the first to deve]op and the secendary ones then
grow around them. Prihary myotubes acquire the histochemical properties

of SO and FOG muscle fibers and these characteristics tend to be main-

tained during growth. Secohdary myotubes develop into FG fibers although

they may react trqnsiently to oxidative histochemical staing during their

. deve]opment (Buh}etgh, 1974). This explanation gives credence to the

‘};—-— .

Ln. =

o

27‘ ! Much gfhthe information on-skeletal muscle growth is contained

in Burleigh (1974).
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findings of Close (1964), Maxwell et al. (1973) and i/ilkinson et al.

(1976) that rat muscle fibers are not completely differentiated until

approximately 100 days after birth. Also during muscle fiber differenti- .

ation primary myotubes are initially larger than secondary onés;fﬂlt has
been suqgaested that a greater hypertroohy of secondary (FG) fibers is\bro-
moted in early growth due to more forceful contractions of these fibers.
Young (1970), Burke et al. (1973) and Maxwell et al. (1973) have confirmed
that FG fibers have larger. diameters than both‘SO‘and FQG fibers several
weeks after Birth. Howe?er, there is enlargement of all three muscle fi-
ber types after birth, and most of this hypertrophy is evident dprihg the
rapid growth peribd between birth and.puberty (Cooper et al., 1970;
~ Faulkner et al., 1972; Maxwe{1 g§_gl,, 1973; Burleigh, 1974; Muller, 1975;
Curless and Nelson, 1976; Hickson é;;gl,, 1976b). These reseafchers have
also found that skeletal muscle fibers continue to increase in size after
ouberty, -but this growth phase 1is sOmewhaf slower. These fiber hypertro-
ohy changes during muscle deve]q ment parallel the increases found in mus-
c]é Weights of'growing rats (H&%%%ih and Baldwin, 1971; Bailey gg_gl.;
1973; Hubbard g}_gl,; 1974; GiéQZnnetti'and Stothers,-TS?S;‘Pitts'and
Bult, 1976)., | |

The size of skeletal muscles is initially largely determined by the
rate and duratién of ce]]u]ar‘and nué]ear divisions before muscle fibers
form. It has also béen suggested that the skeletal muscle mass fof a
given species fs determined largely by the tota1 number 6f muscle nuglgi.

_ S v ) )
- There is a good correlation between estimated number of muscle nuclei and

animal body size. For example, it has been proposed that humans have more

muscle nuclei than rats or mice because their cells continue.to divide for

a longer périod of time befare birth due to a longer gestation period.

-y
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This,hypothesis appears generally true, but seyera] investigators have
reported increases in nuclear pro]iferation‘of skeletal muscle during
pubertal growth, although cell division may have ceased (Enesco and Puddy,
19€4; MacConnachie et al., 19€4; Young, 1970; Hubbard E;LJiL-’ 1974).

| There is another way in which muscle fiber growth can be reguilated
“other than by cell division with the addition of nuclei. There is reason-
ably good evidence to suggest that overloaded muscle fibers can -undergo
hyperplasia or longitudinal splitting (Edgerton, 1973; Bur]éﬁgﬁ} 1974).
Goldspink (1970, 1971) has postulated that protein of growing myofibrils
is “Synthesized +in the cytoplasm and that myqf;B?i1s replicate by split- .
‘ting once they have reached a certain size. Burleigh (1974) has quali-
fied these findings by suggesting that on the basis of electron micro-
graphs, myofibri1s do not appegr to’'split completely, but that muscle fi-

-?ber mass 1ncreases.as,a resu]t of myof1br111ar segmentat1on Edgerton

(1973) has also suggested that norma] muscle growth may be accompanied by
increased development of muscle sp1nd1es or 1ntrafusa1 f1bers several
“days after birth.

The effects of exercise onghistochemica11y determined fiber pogula-
tions of mammalian skeletal muscle has been studied extensively in the
iast decade. A number of investigators have reported fiber Eompositioﬁ
a1terations in selected muscles with endurance training.(Edgerton-gg_gl,,‘
1969; Barnard et al., 1970;_?ag]kner gz;gl., 1971; Maxwe]T et al., 1971,
1973; Syrovy gg_gl,, 1972; Wilkinson et al., }916). Maxwell et al. ({973)
has hygothesized that se]éctive adaptations in working muscle with endur-
ance training may. reflect different gatterns pf motor unif‘}ecruitmentt-

Similar histochemical data has been pub]ished on the effects of high in-

tensity $print training. Fiber type changes in gastrocnemius, soleus
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and plantaris muscles have been observed with sprint'training (Saubert

et al., 1973; Mackie, 1976; Wilkinson et al., 1976). Comparable sprint

training and isometric exercise programs haye resulted in no change in
muscle fiber populations (Bagby et al., 1972; Exner et al., 1973a, 1973b§
Fitts et al., 1973,~1974), In most cases fiber tybe changes have been
reorted in anima]s’trained before puberty, while few investigators have
found changes in trained adult muscle. The proposal that fiber composi-
tional changes in developing trained husc1es reflect a maintenance of
preexisting compositign rather than a conversion of f{berftypes (Heckie,

19765 Yilkinson et al., 1876) 1is indifect]y supported by the pub]ished

. data of others (Edgerton et al., 1969; %kner et al., 1971; Banby et al.

19735 -Syrovy et al., 1972; Fitts et al. . 1973; 1axwe]1 et al., 1973).

This data generally supports the contention that exercise induced compo-

~sitional changes in muscle may be confounded by normal developmental

changes (Mackie, 1976; i Tkinson et al., 1976).

SKELETAL MUSCLE GROWTH AND PROTEIN SYNTHESIS

Musc1e growth must be accompan1ed by protein synthes1s because its

‘essent1a1 components such as contract11e filaments, *metabo]1c enzymes,

and membranes are made up of proteins. DNA is the genetic substance

which controils the synthesis of specific cellular proteins. As shown in
Figure 6. -*DNA found in the cell nuc]eus‘serves to direct the formation
of messenger RNA in a process called transcription. - RNA which has been

formed in the nucleus then m1grates (trans1ocat1on) to the cytoplasm by

vy of the%endop]asm1c reticulum where, in association with ribosgmes,

it acts as a template for the synthesis of specific cellular pfoteins

(translation) (Lehninger, 1970; Edgertom; 1973; Harper, 1975).
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“FIGURE 6. SIMPLIFIEDVSCHEWATIC DIAGRAM OF PROTEIN SYNTHESIS

SHOWING THE TRANSCRIPTION, TRANSLOCATION AND TRANS-
LATION PROCESSES. (Modified from Edgerton, 1973).

The total amount of ﬁNﬁ in a cell is proportional to the number of
‘chromosomes and génes in the nuclei. When cell'division occurs, nuclear
-DNA is replicated by a reaction catalyzed by DNA polymerase. The con-
stahcy of DNA per cell nucleus has therefore beén used aé a tool to esti-
mate the number of nuclei in skeletal muscle tissue (Enesco agd Puddy, -
1963; Winick and MNoble, 1965). As mentiored previous]y'sévéra1 iﬁVestif
gators have reported nuc]éa; proliferation both prénéfa]]y (Burleigh,
1974) and postnatally (Enesco and Puddy,.1964;'MacConnachie gg_gl.,‘1964;
Hubbard et al., 1974). It remafns unclear in fhe ]itératureIWhether with
cessation of nuclear divisions there is yet an increase in total muscle
DNA. _ Hubbard et al. (1974) reported an increase in both total number

of muscle nuclei and the protein to DNA ratio (Bafﬁey et .al., 1973) in

t-'_‘: :
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growing rat gastrocnemius muscle. . Increases in total muscle DNA and num-
ber of nuclei have been observed 'y others (Enesco and Puddy, 1964; Winick
and Noble, 1965; Gordon et al., 1966; Bai1éy et al., 1973; Burleigh,
1974). Gordon gngiL.‘(1966) reported an increase of total DNA in growing
rat quadriceps muscle up to 90 days of age. They suggested that muscie
growth was due to both a proliferation of nuclei and hypertrophy up until
this age; while total DNA per unit weight of tissue déc]ines,(Devi et

al., Young, 1970; Bailey et al., 1973; Hubbard et al., 1974; Gio?annetti

and Stothers, 1975). This implies that although there is a rise in total

muscle DNA it does not match the increase in whole muscle méss.

The increases in protein.to DNA ratio which hagé been shown.in de-
‘veloping muscle (Bailey et al., 1973; Hubbard et al., 1974; Millward -
‘ g£~glf, 1925)'a1so reflect a greater increase in total muscle protein fn
comparison to:DNA. Edgerton (1973) has suggested:that increases in ske-

1 L

letal muscle DNA and nuclear numbers may be confounded‘by changes in
connective tissue and satellite cells rather than muscle fibers. However,
Young (1974) and Mi]iward gz;gl. (1975) have reported thét non-cohtrac;A
nti]e cells account for no more than a few per cent of obsérved changes.
It should be remembered though, that nucleic acid content and growth of
ske]éta] muscle éé;;be obscuréd by several féctors: 1. .the variance iﬁ
the number of muscle -uclei, 2."£he extent of elongation in growing
musc]é fibers within species and 3. fhe units in which nucleic acids
and protein content .are measured with respect to muscle tissue Conéentra—
tion or whole husc]e estimates (Burleigh, 1974). |
Messenger RNA funcBions primarily in the cytoplasm of the cell as

a template from which cellular proteins can be sxcfhesized. Howéver,

more than 80% of skeletal muscle RNA is associated with ribosomes, so



\

“

that changes: in ribofoma1 RNA’content of skeletal muscle also reflect al-
terations in ribosome -composition (Young, 1970). Ribosomes are not found
within the actomyosin filaments of the muscle scarcomere_out have been
observed in the cytop1asm between myofibri]s (Burleigh, 1974). Growing
myofibrils possess rowe of ribosomes on their surface which suggests that
the protein needed for myofibrillar growth is synthesized in the sarco-
_plasm (Goldspink, 1970, 1971; Burleigh, 1974): The number of ribosomes
~associated with developing myofibrils declines in proportion.to the in-
crease in myofibrils. It is, therefore, unclear whether growing muscle
fibers synthesize new ribosomes or merely produce more contractile and
sarcop]aspic protein (Burleigh, 1974).
The total RNA content of growing skeletal muscle rises with in-

" creased muscle weight and fiber’si;e, hut, as is found.

centrqg1on of musc]e RNA, wh1ch is fiighest at b1rth,': . .'a‘steady de-
cline with age (Dev1 et al., 1963; Winick and Noble, ]965 Srivastava and
.Chandhary, 1969; Young, 1970; Bur]eigh, 1974; Giovannetti and Stothers,
Té?S;lMi11ward'g£_§l;, 1975). Burleigh (1¥974) has proposed that neither
tpe total amount of QNA or the concentration of RNA in muscle seems to
show an obv1ous relationship to the rate of whole muscle growth This
proposal is corroborated by the f1nd1ngs of MWinick and Noble (1965)
Neverthe]ess, Srivastava and Chandhary (l969) have reported decreased

precursor incorporation 1nto RNA with aging. Changes in the rate and

eff1c1ency of RNA synthesis in skeletal muscle have also been demonstra—

ted with diet manipulations (W111ward et al., 1973). Hamosh et al. (1967).

have also shown an increased RNA concentrat1on in microsomes prepared
from hypertroph1ed musc1e It may be that during normal growth the ef-

ficiency of RNA protein synthesis is a regulatory factor, while with

ith DNA, the con- .
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L
other influences on the muscle both efficiency and concentration Qf RNA
affect protein synthesis and growth (Millward et al., 1975).

ﬁrotein breakdown as well as synthesis is dlso of importance when
studying skeletal musCié growth (Young, 1970; Burleigh, 1974; Millward
etral., 1970a, 1970b, 1975). Millward and co-workers (1975) did a com-
prehehsive'study of diet and protein turnover rates in growing skeletal
muscle. They reported a sixfold increase in cell size, a fourfold in-
crease in cell number, and a rise in total DNA content in growing rats
maintained on a normal high protein diet. The rate of protein synthesis
fell from 28.6% in young rats to 419%/day in rats 330 days oid, and this
was attributed to a.decréésed concentration of RIIA vell és a decreased
acliQity of RNA (g of protein syhthesis/k‘//g of ﬁlA). “he pkotein break-
down rafés coincided with thé decreases ynthe. = rom young tO‘o]d-
aﬁima]s. A direct negative relation<hip was observed between rapid
growth rates and a high rate of protein catabolism (i1lward et al.,
1975). Similar results have been repbrted by others (Srivastava and
Chéudhary, 1969; ‘Young, 1970; Burleigh, 1974). It could, therefore, be
postulated that when the limits of protein synthésis have be '
fin growing animals protein breakdown may Con?tgl/mﬂéfﬂe growth.

Protein synthesis in -growing ske[gta1/ﬁhsc]é'is.inf]uenced by other

regulatory factors (Young, 1974), Diet or the nutritional state of a

growing animal seems to haye a pronounéed effeci on muscle proteins
(Young, 1970, 1974;,Vh lward et al-., 1§70b, 1973, 1975; Beecher, 1974:
quleigh, ]974;"T;enk1e, 1974, Giovanneiti and Stotherﬁ; 1975). Changes
in §he“tdncentrations of Tow mofecu]ar wefght‘cgmpounds (Rogozkin, 1976;
’hbgers et al., 1976), and the levels of amino-acids (Goldbery, i9§9;

Millward et al., 1970a; Pain and Manchester, 19703 Young, 1970, 1974;
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Giovannétti and Stothers,- 1975) also appear to control protein%@et&bo]ism
in muscle. There is reasonable evidence for neurotrophjc regu]étion of
muéc]e development and this has been investigated by various research
groups (Gutmann and Zak, 1961a, 1961b; I1'in et al., 1970; Edgerton,
1973; Young, 1974, Bure§ova et al., 1975). Last]y, thg role of hormones
in requ]at1ng skeletal éusc]e prote1n turnover 4 growth has been re-
viewed (Cheek et al., 1968a, 1968b; Go]dberg, 770 Young, 1970,.1974;
Edgerton, 1973; Trenkle, 1974).

The factors affecting normal skeletal growth have been summgrized

in Figure 7.

PROTEIMN METABOLISM AND EXERCISE
Few researchers have evaluated the effects of exercise on protein

metabolism and skeletal muscle growth. Helander (1961) was the first in-
vestigatbr to study the pkotein compositional adaptations of working mus-
cle. He reported that gu7nea pigs exposed to 4 months of mild endurance
running had more myofibritlar prote]n than contro1 an1ma]s or animals
whose activity had been restricted. Hypertrophy_was observed in both ex-
ercised andirestricted animals, but exercise increased myofilamental size
whereas resfric%ed activity increased sarcoplasmic protein content. Oppo-
site training effects of endurance running’aﬁd swimming programs were ob-

served by Gordon et al. (1967a) and Jawéeg\ggﬁgl. (1974). Theylgemohstra—
ted muscle fiber hypertfophy éﬁd an increased concentration of sarcoplas-
mic protein which was commensurate with a reduction in myofibri1iar pro-
~tein of ratvquadriceps and ‘gastrocnemius muscles. The results of Gordon
et al. (1967a) are:similar to other findings reported in the literature

(Yakovlev et al., 1963; Jaweed et al., i974).95Hubbard et al. (1974) con-
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~ protein hypertrophy with 11tt]e change ‘arcop]asm1c protein concentra-

"tion. Hypertrophy of different muscl ! ypes also apppared % be -

/ N [
s . - .
A . L

-
PO N

fused the ‘issue again when they found that endurance training resulted
in non-selective hypertrophy of sarcoplasmic, myofibrillar and stromal
protein. "It is conceivable that Helander's (1961) and Hubbard's (1974) -

data could roflect an interaction effect between early muscle deVe]opment_

and exerc1se They used pr°puberta1 animals’ and tralned them between 6

."»\.L .

and 22 weeks of age whiTe the other researchers cited trained mature rats -
betwegn"JS and 30 weeks of age (Gordon et al., 1967a; Jaweed etdal.,

1974).

) .
‘In trying to elucidate differential train]ng effects of endurance

versus strengthen1ng exercises Gordon et al. (1967b) and Jaweed et al.
§]974) studijed the musc]e prote1n composition of rats exposed to we1ght

/
z]1ft1ng exerc1ses« Théy found that we1ght Tifting produced myof1br11]ar

exercise specific. It was shown that si. .uyth training 1ncreased thé

- s h

mean area of white (FG) f1bers and . there was htg’change in red f1ber

"s{ize (Gordon et al. 1967b) These investigators atso found” that e"d“r‘_

S, iy . N
ance tra1n1ng caused no change in who1e musc1e s1ze but 1ncreases in the

N

mean areas of both red\and wh1te musc1e f1bers may occur (Gordon et a]
1967a). It was gpnc1uded that myof1br11]ar hypertrophy stems from brief
'forcefu] exercises which 1ncrease stren‘tn and endurance tra?n1ng and —
leads to sarcop]asmic hypertrophy commensurate with an 1ncreased capacity
for energy proauction (Gordo; et al. w1967a; 1967b). |
S1m11ar1y, muscle f1ber hypertrophy changes have been reported w1th

growth and endurance training of gu1nea p1gs (Fau]kner et al. , 1971;

4’Maxwe]] et al., 1973). Training produced increases in the mean area of

SO fibers in soleus muscles along with hypertrophy of all three fiber

' 3
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“types in plantarisy(Maxwell et al., 1973). Faulkner et al. (1971) fSund
an increased propogtion of red to white muscle fibers in plantaris after o
endurance training. Trained muscle also contained 37% more fibers than
controls. Bosgginvestigators observed muscle fiber hypertrephy-—with norf
ma1Ngroth betneen 6 and 14 yeeks of age. =/ |

‘ﬁggfdjEyygt_al, (1973) and Hubbard gj;gj;v(1974) have recently studied
th nic effect of endurance training-on growth and protein synthesis
in vougg rats. Both research groupsvreported:increases in body and mus-

- weights with age in both contro] and e;ercised groups. They also
found no significant d1fference§ in muscle we1ghts between contro] and
exerc1¢ed anﬁma]s Hubbard et a}ﬁg§1974 observed 1ower tota] body
we1ghts in runn1ng animals compared WTgh thejrnage‘matched contro]s E Fﬁ
(Gordon ot al., 1967a, 196753 Fitts et 3l 1‘97}3{ 19743 Wilkinson et al.,

,1976) Bailey et al a1 1973Qm;h0\ever, showed no significant we1ght dif-
Mferences in sw1mm1ng “animals Wh1ch is 2150 1hta;(qrdance with the work >

of Gordon et al a] (1067a) However, changes in beth body weight and mus -

:«Centrol an1ma1s may 1ncrease body we1ght‘

cle welghts can be m1s]ead1ng

-

,]arge]y due to fat deposvtlon w&i%e exerc1s1ng an1ma1s may have a h1gher

A' vy 7 “n ket .

rat1o of’ tot%] body prote1nete,£at ,Musc]e we1ghts are also more clearly
S ! } . /}

e«pressed in terms of who]e body weight (Hubfatrd et et al., 1974). -

Nuc1e1c acid content of tra1ned skeletal muscle has been 1nvest1ga—

ted by severa1 of the prev1ous1y ment1oned authors, but aga1n there are

-

1ncons1stanc§es .in. the f1nd1ngs Gordon et al. (1967a; 1967b) found no

change in the total muscle DNA content of mature rats trained’with endur—

ance running, sw1mm1ng and veight 1ifting programs These findings have
been confirmed in young animals exerc1sed'b@tween the ages of 3 and 12
weeks (Ba11ey.et al.,'l973).'_The“concentrat1on,of DNA (ug/mg’ wet wt) in

4

o . <



developing rat muscle decreases with age while chronic exercise effects .

) are‘stﬁl1 unclear (Bailey et al., 1973; Hubbard et al., 1974).- Young

1jsWim<trained_rats had sfgnificant]ygincreased concentrations of DNA in

2

Vg
A

ﬁrmse wthe there was. no e in the gastrocnemus One' to three

. ercise a1terat1ons.s1nce these r%searchers began t§a1n1ng th§1r animals

gastrocnemius muscles when compared to .age-matched controTs (Bai]ey:f?
X . . 4';\-/‘- .

et al. f§73) In contrast, Hubbard et al. (1974) showed no changes in
tra1ned gastrocnem1us muscles while significant decreases in DNA concen-
trat]ons of so]eus and plantaris muscles were found: %ﬂ ratSMexerc1sed up
to 18‘weeks ef age. S1m11ar}y, these investigators reported larger ratios
of protein per hJVDNA ih %othocontrol'and'exercised skeletal musc]e‘with
age. They also demonstrated a s1gn1f1cant1y 1ncreased protein to DNA

ratio resu1t1ng from e&rawtr‘a‘h\mg However there was some d1s—

4

agreemenf concern1ng the age at ﬂh1ch these tra1n1ng adaptat1ons occurred

iBa11ey etcaT 1973 Hubbard et a] , 1974). These d1screpghc1es may
.p% R
again ref]ect an 1nteraé{non effect between norma}'muscle growth and ex-

- Wy

IR S

at differtint ages {Bailey et al. ; 1979 +ubbard et al., 1974). LR

QNA édnc%ntrat1on of rat gastrocnem1us and card1ac musc]es has been )
‘\;u g'l’.

stud1ed afteﬁ acute exhaust1ve sw1mm1ng (Bostrom et a] ﬂQ/ Card1ac

[ 3‘
>

-tissue -RNA concentrat1on 1cant]y decreased ﬁmmed1ateTy after acute

: '
days after ‘exercise a significant rise in RNA was observed 1n both cardi-

"5

*ac and gastrocnem1us muscle. It was suggested that the.decllne in card1—.
ac mustle RNA fo]]owfng‘exerc1se ref]ected an fncrease 1h prote]n Qata:
bolism. Further evidence for rises in protein catagoljsm fo110w1ng pro-&
longed endurance exercfge.has been reviewed by-Poortﬁans (1975).. Thenj

24 to 72 hours after exercise there is an increase in RNA mediated-pro—’

e

tefn,synthesis (Bostrom et a].,'f974)( These " findings have been cone

¥

@
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firmed in a review of Soviet tesearch (Rogozkin, ]976a %ggozk1n (1976b)
has also reported 1ncreases in myofibrillar, scarcop1asm1c and stromal
proizin content of_endurance trained rat ske]eta] muscie. He has pro-

pc ed that an increa$e in free amino acid Tevels along with an_ enhanced

A produces:an 1ncrease in prote1n syn-

clear-cytoplasmic transpo :
: N

1etic act1v1ty of enduranc n‘}1ned skeletal musc]e
Conso]az1o et a] (1975) 1nvest1gated urinary nitrogen excret1on

1eve1s of e1ght ‘human male subjects during a five week tra1n1ng program.

Tréﬁn]hg was very 1ntense including treadmill runn1ng, b1cyc]e\exerc1se

calesthenics, and isometric tra1n1ng regimens. All subjects shOwed sig-

n1f1cant increases in protein intake during tra1n1ng matched W1th weight

\

gawns after approx1mate1y 10 days of training. There was no ev1dEnCe of. .
i w?""

Jncreased Drote1n catabo11sm wathiiserc15e when urinary n1trogen exgre—

t1on Tevels were mon1tored These findings prov1ded 1nd§§bct ev1dence R

3
L]

for enhanced protein storage and synthes1s w1th strenuous tra1n1ng accom-*

panied by Tittle change in protein breakdown (Consolaz1o et al a] . 1975)

The 1ncoroorat1on of rad1oact1ve]y tagged amino ac1ds 1nto e]ectr1— o

ca]]y st1mu1ated rat skeletal muscle, has ajso been studied. Pain and -

IS
Manchester (1970) .found that incorporation was decreased dur1ng and im-

mediately fo]]ow1ng st1nu?at1pn An ingrease in amino acid incdrporation
was tﬂﬁn observed several hours afteQ‘§t1mu1at1on They explained this

change aS.a compensatory response to the initia1 ~decline which resu]ted

v
-

fésm exercise, S1m1]aﬁ results 1nvo1v1ng tritiated uridine uptake have

-

N
: been reperted recent]y when rat so]eus musc]es were e]ectr1ca11y/st1mu—

1ated (Muchn1ck and'Kots1an 1975).. 3 ;‘ o 3

A cons1derab1e body of know]edge has deVe]oped concern1ng theﬂdﬁapef

tion of sxeleta] muscle to surgically 1nduced compensatory hypertrophy
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Gojaﬁgﬁgfgg_gl. (1975) recently qid a comprehensive review of tﬁis sub-
ject: iHe discussed increasés 1n‘musc1e weights, fiber areas, proteih‘éon-
tent, protein turnover, DNA, RNA and amino acid uptake which have been
observed with compensatory hypertrophy. ,However,Athe magnitude of these
changes are not necessarily analogous to the changes one might expect in
normal ekercise hypertrophy. Maximal electrical stimulation and Zurgica]—
1y induced hyperfrophy places an abnormally large overload on skeletal
muscle, above and beyond in vivo exercise stress.

K The chronic ef%;cts of exérc?se on muscle growth and protein mgﬁab-

u%p olism are.summarized ib Figure 8. |

<
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TABLE VIT . BGDY WEIGHTS AND MUSCLE WEIGHTS
4 FOR THE SIX GROUPS OF ANIMALS

ANTHAL BODY MUSCLE ANTVAL —, BODY MUSCLE .
GROUP and®  WEIGHT WEIGHT GROUP and ©  WEIGHT WEIGHT
- NUMBER oy (g) (9) NUMBER (9) (9)
112 124 0.436 17 123 0.459
113 119 0.422 - ns 119 0.445
cs 114 123 0.447 & ST 119 . 122 0.423
15 - 114 - 0.418 120 117, 0.390
. 116 117 0.423 127 123 0.450.
MEAN 119 0.435 - ) 121 gy 0.450
SEM +2 . +0.009 +] +0.013
3 . NS
59 395 1.975 39 436 2.116,
60 - 371 1.718 5 1 354 1.741
61 408 1.731 . 41 362 1.795
62 429 2,168 . 337 1.727
5 63 463 2.%3 sms 3 3 1.974
2.140 44 371 . 12784
. AT A
“1.873 47 406. 1.967
1.857 48 288 1.492
1.642 — —
. 68 402 1.911 — —
MEAN 400 1.897. 368 1.82%
SEM’ $13 _+0.053 | ¢ +16 +0. 068
25° . 494 2.062 - 13 525  2.550
Y26 500 - 2.360 15 454 2.277
27 495  2.79} } 16 534 2.535
28 468 ...t 2.047 17 500 2.216
c25 29 480 '2‘533?’ “,»,5T25 18 " 451‘ - 2.276
g 30 568 2.663 77 19 5007 2.292
O 31 a8 " 20176 20 470 2.306
32 . 465  1.898 21 - 506 2.420
33 ° 518 2.300 - 2¢ - - 456 1.473
34 532 2.132 - —_
MEAN . 500 S 2.268 <, . - 389 2.262
+0

SEM - 10 .072 . . #1007 7, +0.107



TABLE VIII

79

FIBER TYPE POPULATIONS IN THE MEDIAL GASTROCNEMIUS -
- MUSCLES OF THE SIX ANIMAL GROUPS

ANTHAL FIBER TYPING (%) ANTHAL FIBER TYPING (%)
GROUP and GROUP and :
NUMBER S0 FOG FG_ NUMBER SO FOG . FG
112 13.4  68.6 18.0 117 13.0  67.6 .
N3 201 50.5 7 29.4 18 151  63.7
c5 114 13.1  65.1 21.8  ST5 119 19.6  67.0
15 12.2 5J.7§ﬂ? 36.1 120 16.3. 66.1
116 13.6  60.31  26.1 121 14.6  71.3
©MEAN 14.5  59.2  26.3 15,7 4671
SEM . +1.4 43.6 +3.1 © 4101 “ggg.z
- B < - Wi
5% 22,8 49.2  28.0 39 22.0 41.0 . 37.0
60  ©3.2  60.5 16.3 40 13.4  48%0  38.6
61 13.8" 67.0 19.2 41 16.4  46.6 37.0 .
62 23.4 55.3 _21.3 42 - 16.9 41.3 4.8
c1s 63 2.8 57.7 20,0 g 43 10.9° 55.2 - 33.8
64 44 21.4  44.4 34.2 |
65  17.7 61.0  21.3 47 17.7  47.3  35.0 e
66 20.4 60.8 18.8 48 15.9  53.5 30.6
67 16.4 . 62.6 21.0 ¥ —
68 14.3 . 61.6 24:1 —
MEAN 19.4  59.5  21.7 16.8  47.2 36.0
SEi +1.3  +1.7 +1.1 A3 #1880 +1.2
25 23.3 56.7  20.0 13 16.7 53.0  30.3
26 21.8  56.2 22.0 15°° 15.0 54,6 30.4
Ky 21.2- - 59.0 19.8 16 6.1 51.] 32.8
28 18.5 61.5 20.1 17 9.2 459 35.1
r ] ; . —
o5 29 23.3  52.7 14.0  orps ;18 18.9 ' 46.9 h2t |
.30 . 142 6.5 163, 19 186 49.8 3.6 ) -
i . : N
31 ; - <20 — g N,
.’ ) i . S _
, 32 21.4 62.9° 15.7 21« 18,9 43.3 37.8
- 33 - ‘ , 24 . 19.2 48.9 31.9
3 . .25.1 53.8 21.1 Co— ~
¥ . N )
MEAN 21.1  60.3 18.6. _gy“‘ 17.8 .- 49.2 33.0
SEM .2 #1.8  #1.0 4 co M7 4130 4009 >
] o M.+ H



TABLE IX " FIBER AREAS IN THE MEDIAL GASTROCNEMIUS
MUSCLES OF THE SIX ANIMAL GROUPS

D Tl .
ANTMAL . 7 x ;%ﬁNIMAL " )
GROUP and FIBER AREAS (u“) .~%ROUP and FIBER AREAS (u®)
NUMBER SO FOG _ FGwds BUMBER so___.FOG _ FG
o2 - | 117 o2 791 1317
173 1048 806 1254 - 118 1317 1088 1706
c5 114 1138 745 1197 ST5 . 119 1077 805 1202
115 894 867 1302 120 1110 . 847 1525
116 980 °812 1269 121 919 858 1375
MEAN 1015 808 1256 1067 878 1423
SEM +52 425 +23 | +63 454 +87
59 — 30 2980 2502 3578
60 1780 1999 2864 . 40 |
61 1853 1871 3057 41 1990 1849 3171

62 1764 1639 2531 Y 1859 1770 2670
43 2217 3105 3562

¢15 B3 2142 2562 3505 opg
64 - — — — 44 1821 2379 3058
~ 65 2009 786gx 47 1846 2133 3037

66 . 1521 38 2245 2107 3134
67 2063 7 T ; '
68 1623 . 1 — —_— —  —
Y MEAN 1844 2137 2092 3160
SEM +76 £155 490 +117
25 . 1898 13 2980 3115 - 4410 .
26 1988 2137 3180 15° . 2209 2622 4199,
27. 2096 2681 3647 16 1848 1917 -3589%
~ 28 1892 20417\ 2642V & 7 . 1963 2225 3492
R C ; 5 .
cos 29 “15M4 1823 2399 gppp 18 2136 2006 3148
: 30, 2266 2663 4095 19 1953 1934 2927 - °
~31 = —_— 20 7 — L
32 1838 2052 2744 2 2364 %ssf 3377 -
w33y e _ - " 24 2610 236} | 3423
T B, R L 10 ] »
| 3¢ 5 2070 2344 NN, . — L s
MEAN - 1945 2237 3102 -+ 2258 2385 3571

SEM 4479 +108 . +195 ‘ +135 4149 | #1770 v
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TABLE X - TOTAL HOMOGENATE PROTEIN AND CONCENTRATION IN
o THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
S K L ¢ .
A ANIMAL ANIMAL - .
! GROUP and ~ HOMOGENATE.PROTEIN GROUP and HOMOGENATE PROTEIN
% - . NUMBER (mg) (mg/g) NUMBER (mg) (mg/q)
1nz2  70.5 152.3 117 69.9 165.6
13 61.5 147.1 118 64.8 141.2
c5 114 69.5 164.3 STS 119 61.6 138.4
115 60.9 144.0 120 59. 4 132.9
116 65.8 168.7 121 70.0 155.6 5
MEAN 65.6 155.3 65.1 146.7
SEM +2.0 . +4.8 +2.1 +6.0
59 394.2 199.6 39 429.3 202.9
60 386. 1 244.7 - 40 369.9° 212.5
61 321.3 185.6 i 41 . 380.7 2121
62 413.1 196.0 ., 42 375.3 217,3
c1s 63 - 377.4 187.5 ~ T sy 43 432.0 218.8
64 456. 3 213.2 44 370.0 207.3
. 65 421.2.. 224.9 <o 47 @ 396.9 201.8
Pl 0y, e
“66 5.8 1701w w R 485, T319.7 214.3
67 3186 - 194.0 - wREGET 6
18. - 194, B R —_—
MEAN 380. 9 202.8 3842 1210.9
- ¥.SEM +15.2 46.8’ +12.8 +2.2
25 399.6 - 193.8 - 459.5 " 180.2
‘26 437.4 185.3 ¢ 450.4  197.8
27 450:9 196.8 .. .16 459.0 181.1
28 & 402.3 196.5 + v 469.8 212.0
. co5 29 472.5 " 188.0 §§Z§ sToc 18 412.3 181.2 -,
30 491.4 184.5° . ‘19 469.8- ° 205.0
31 396.9 182. 4 | 20 . 434.7, “188.5
32 394.2 - 207.7 21 479. 198.1
L33 409.3 '178.0 & 24 p53.8.« . 172.3
o734 3969 1862 - — 7
o MEAN 425, 189.9, 432.1 hf‘}éo.7
+11.3 8 +23.3 0 7 8404



TOTAL MYOFIBRILLAR-NUCL AR PROTEIN AND CONCENTRATION IN

TABLE XI 4
THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
- ANTMAL MYOF TBRILLAR-NUCLEAR ANTMAL MYOF TBRILLAR-NUCLEAR
GROUP and PROTEIN GROUP and ,PROTEIN
NUMBER (mg) (mg/q) NUMBER (mg) (mg/q)
112 41.9 90.5 N7 416 98.6
113 414 99.0 N8 43.6 95.0
cs 114 40.6 96.0 sTs 119 41.5 93.3
115 41.0° 96,9 120 35.3 79. Chags
116~ 38.4 98.5 121 409 90.”
MEAN 40.7- 96.2 40.6 91.4
SEM +0.6 +1.5 +1.4 +3.3
59 291.6 - 147.6 . 39 291.5 185.0
60  221.4  128.9 50 237.6 136.5
61 234.9 135.7 N 313 179.0
62 270.0 128.1 42 . .212.7  157.9
cps 63 261.9 130.1 h{‘-5T15 8 3726 188.8
64 258.9 125.6 ., . 44 346.7 - 1943
65  294.3 157.1 T 47 3078 156.5
" 66 268.9 144.8 48 268.9- 180.2
67 202.6 ¢ 123.4, A — —_—
68 325.1 170.1 —f — . —
MEAN 264.0 . .139.1 314.9 172.3
SEM - +11.5° 449 o +19.0 +7.0
25 315.9 1153.0 13 380.7 149.3
26 341.3 1446 15 294.3 129.2
27 "378.0 -~ 165.0 - 16 38007 ., 150.2
28 267.3 130.6 . 17 3969 - 1791
25 éQ\ 364.5 145.0 s1o5 18 284.4 124.9:
30\ 402.3 151.1 s 19 334.8  146.1
31+ 325, 149.4 2 200 3024 1310
.32 306.7 161.6 21 402.3 166.2
33 - 322.9 - 140.4 24 199.8  135.6
.34 247.3 " 116.0 — — —
MEAN 327.1 - '145:7 . 330.7 145.7
SEMg +15.0. .6 +22.3 +6.0

L24
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TOTAL SOLUBLE 'PROTEIN AND CONCENTRATION IN THE

CSEM

TABLE XI1
GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
Molbang  (OWBLEPROTEN o gng . (SOLUBLE PROTE
NUMBER NUMBER
12 18.9 - 140.8 nmrz 1.8 42.2
113 16.6 39.7 118 17.5 38.1
5 114 16.5 39.0 sT5 119 16.6 "37.3
R 16.4. 38.8 120 15.1 33.8
" 116 15.6 40.0 121 16.6 36.9
MEAN 16.8 39.7 16.7 37.7
SEM 0.8 +0.4 +0.5 . 1.4
w59 100.9 51.1 -39 . 87.9 4.7
60 84.2 49.0 4Q 60.2 30.7
. 61 90.2 52.1 41 85.6 47.7°
62 810" 33.4 42 833 18.2
s 63 84.2 4.8 " gys® 43” ' 83.3, 42:2
64 . 70.4 32.9 - & 69.4 38.9
65 7441 39.6 .47 82 12 8,
66 81.0 43.6° 48 - 83.3 5.8
67 -76.4 46.5 — — _—
g B8, - 90.3% 8 47.2 e — —
MEAN 833 Y42 v 79.6 - 44.0
| SEM . +2.8 £1.9 +3.4 2.3
25, - 106.5 51.6 13 92.6 136.3%
) 26 143.5° 60.8 15 90.3 39.7.
27 96.3 2.0 . - 16 8%3 32.9
287 108.8 53.1 | 1. 84.2 38.0
s 29 132 . 834 g 18 949 §.7
30 . 102.6 38.5 19 9.3 42,0
3 227 56. 4 - 20 87.9 38.1
32 87.9 46.3 21 90.3 37.3
33 £ 99.5 43.3, - 2% 48.6  “-33.0
3¢5 ToLg” 47.8 = —
MEAN 110.4 493 / 85,4 37.7
+5.6 +2.2 s +4.8 1.1

o
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TABLE XIII ~ ©  TOTAL MITOCHONDRIAL PROTEIN AND CONCENTRATION IN
| THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
ANTMAL MITOCHONDRTAL ANTMAL MITOCHONDRIAL
GROUP and PROTEIN ~ GROUP and PROTEIN
NUMBER (mg) X {mg/q) NUMBER = - (mg) (mg/q)
112 0.26 . 0.56 n7 0.26 0.62
113 0.23 0.55 L e 0.24 0.52
c5 114 0.21 0.50 ST 119 0.23 0.52
115 0.23  0.54 - 120 0.22 0.49
116 0.20 0.5 -121 0.21 0.47 .
MEAN 0.23 0.53 . 0.23 0.52
SEM - " +0.01 +0.12 | +0.01 +0.03
59 1.60 0,18 . 39 475 T 2.8
60 1.73 1.01 L 40 4.75 - 2,73
J 6T%§§,df 1.73, 1.00 Cof e —
g 1.05 0.50 | 42 4.63 2.68,
c1s {%ﬁ .92 v 2,947 s 43 c2.72 1.3
64 2.597 71,21 ) 44 .21 1.80
65+ 1.73  °7 02 - , 47 3.09 .57
66 8.33 . 4.49 Y 1.85 0 1.24
.87 9.87 6.01 - —
Y 68 216 .13 R —— L
. SN - 7 Y
MEAN 3.67 - 2.00 b, S B.57° 1.95 ;
SEM +1.01 +0.59 ‘ : © 40,43 740,23
25 0.93 0.45 - . 13 5.55 2.18
26 2.60° .10 15 4:69 ° 2,06
27 1.67 . 0.73 . B —_—
28 1.36 0.66 - 17 358 1.62
25 ¥ 247 098 sTe5 18 . 3.76 1.65
30 2067 0.8 -0 1900 3830 167
31833 - 383 .4 oy 4o g
C 32 8.09 0 162 L 21 -~ i1.367 . 0056
3 7 7679 295 . L4 goeg 0.6
o3 1.97 0.93 B NI
. OMEAN . N P T T
CLSER +0.77. . 40.35 oS 40,58 & 40,23
1 Lo vl AR . 2
kS | *J i oo > '
i o R . o



© TABLE XTIV TOTAL MICROSOMAL PROTEIN AND CONCENTRATION IN
’ THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS

ANTFAL ANTHAL
GROUP and MICROSOMAL PROTEIN GROUP and  MICROSOMAL PROTEIN
NUMBER (ma) (mg/q) NUMBER (mq) (mg/q)
2 0.43 0.93 S om7 o 0.43 .02
113 0.4 0.98 oms 0.4 0.96
c5 114 - 0.46 1.00 ST5 119 0.42 0.94
15 . 0.41 097 120 0.37 0.83
116 0.44 113" 2 0.46 .02
MEAN 0.43 1,02 - 0.42 0.95
SEM - 7 +0.01 +0.04 B +0.02 +0.04
59 3.09 1.56 ‘ 39 4.69 2.22
60 2.65 1.54 40 1.8 1.06
61 1.85 1.07 N Y 1.10
62 1.85 0.88 . a2 2.22 1.29
cis 63 2.72 1357 7 s 43 \ 2.35 1.19 "
64 5.25 2.45 a4 2.53 1.42.
65 2.41 1.29 47 2.96 1.5]
66 " 2.47 1.33 a8 2.47 1.66
67 2.28 1.39 L — — —_—
68 2.47 1.29 — —
MEAN 2.70 ' 1.42 , 2.63 1.43
SEM \ +0. 31 +0.13 +0. 32 +0.13
25 " 3.47 1.68 K 8.95 3.5]
26 2.59 1.0 15 2.96 1.30
27 1.60 0.70 16 '4.63  1.83
28 2.0 0.99 ST 2,90 1.31
s 28 5.00 1.99 o5 18 ? — _—
30 4.01 1.51 ) 19 4.94 2.15
31 S i 20 5.25 2.27
32 3.8 1.86 21 2.47 1.02
33 Ly 1.89 | 24 2.10 .42
34 2.4/ * 1.16 | — _— -
MEAN 322 1.3 - 4.28 1.85
SEM +0.37 +0.15 I +0.79 ~  +0.28



TOTAL HOMOGENATE RNA AND CONCENTRATION IN

TAGLE XV
. THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
ANTVAL - ANTMAL ;
GROUP and HOMOGENATE RNA GROUP and - HOMOGENATE RNA
NUMBER (ug) (ug/q) NUMBER (ug) (n9/q)
112 660 1425 17 654 1549
113 500 - 1218 18 537 1170
5 4 650 1536 sTS 119 510 1146
15 504 1191 " 120. 556 1243
116 615 1578 < 656 1458
MEA 587.6 1389.6 582.6 1313.2
3 +34.0 +79.7 +30.4 +80.6
7 59 1920, 972 2040 964
60 1680 979 40 1900 1093
61« 1329 763 a 1440 802
62 » 2160 1025 42 1480 856
s 6 1820 906 s 43 2200 1114
. 64 1920 897 44 1740 978
65. 1560 833 47 1980 1009
6¢ 1720 922 48 1170 . 782
i 67 1480 901 — _— ——
68 1980 1038 — S S
ME AN 1756.0 923.6 1743.8 949.7
SE™ +80.5 +26.7 +124.4 +44.5
25 1780 861 13 2050 803
26 2000 847 15 2080 913
27 1790 782 16 2040 805
28 1920 940 17 2280 1028
o5 29 2040 812 o5 18 1760 773
30 2160 811 19 2020 880
31 1840 846 20 2260 978
32 1660 877 21, 2040 843
33 1700 737 24 992 673
34 1680 788 — — —
MEAN 1857.0 830. 1 © 1946.9 855.1
| SEM +53.3 +18.0 +36.2

+137.3

86



LEAR RNAAND CONCENTRATION IN

TABLE XVI TgTAL MYOF IBRILLAR-NUCLEA
“§HE GASTROCNEMIUS MUSCLES OF THE SIX A"IMAL GROUPS
ANTHAL MYOF IBRILLAR-NUCLEAR TANTIAL MVOF TBRILLAR-NUCLEAR
GROUP and RNA GROUP and RNA
NUMBER (ug) (ug/q) NUMBER (ug) (ug/q)
¥ 356 769 17 353 836
113 326 780 118 344 749
c5 114 349 825 STS 119 327 735
115 323 764 120 300 671
116 1331 849 121 252 782
MEAN 337.0 797.4 335.2 754.6
SEM +6.5 +16.8 +10.0 +27.2
59 1360 689 39 1410 665
" 60 1040 605 0 1180 680
61 880 508 $n 1000 579
62 1040 493 42 1060 611
s 63 860 429 s 03 1200 608
T 64 1080 505 ‘ . 44 1020 574
65 1040 555 47 1280 "5
66 920 495 48 780 525
67 880 536 . — _—  —
68 1020 532 ' — — ( —
MEAN 11012.0 534.7. 1121.3 611.6
SEM +46.5 +22.4 +67.5 +18.5
25 1240 €11 13 1360 533
26 1120 475 15 1060 464
27 1300 566 16 1120 442
28 1200 586 17 1060 476
o5 D 1320 525 crps 18 984 432
30 1480 556 S 9 1120 489
31 1140 522 20 1180 513
32 1120 590 21 1420 588
33 1240 539 24 520 353
34 1180 555 — S —_
~ MEAN 1234.0 551.5 1091.6 476.7
SEM +35.2 +12:0 °. +85.8 +22.3
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TABLE XVII

TOTAL SOLUBLE RMA AND CONCENTRATION IN THE

GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS

- ENTMAL o ANIMAL v
GROUP and SC_UBLE RNA GROUP and SOLUBLE RNA
NUMBER ° “(we (ug/q) NUMBER (ug)  (ug/g)
12 273 600 n7 286 - 678
3 213 510 118 225 490
“C5 114 269 636 sTS 119, 214 481
115 211 499 120 235 526
116 255 554 121 271 602
MEAN .245.2 579, ¢ 246.2 °  555.4
SEM +14.0 +32.0 +13.8  +37.3
59 631 319 39 706 334
60 720 419 40 446 256
61" 569- 329 vy 343 191
62 624 286 42 645 373
c1s 63 686 341 stis 93 925, 469
64 645 301 44 720 403
65 - 590 315 47 768 390
66 693 373 48 473 317
67 617 375 — — —
68 754 395 - — _— —
MEAN 652.9 345.3 628.3 341.6
SEM +18.6  +13.7 +68.3  +31.1
25 535 259 13 816 320
26 891 378 15 782 343
27 699 305 16 802 316
28 542 265 17 939 424
s 29 713 284 o5 18 795 349
30 720 270 19 823 359
31 727 334 20 891 387
32 494 260 21 837 346
33 665 289 .2 569 386
34 514 241 — — —
MEAN 650.0 - 288.5 806.0  358.9
SEM +39.97  +13.0 +34.0  +11.6

38



TABLE XVIII TOTAL MITOCHONDRIAL RNA AND CONCENTRATION IN >
THE-GASTROCNEMIUS MUSCLES OF THEASIX ANIMAL GROUPS
ANTVAL ‘ ANTIAL \

GROUP and MITOCHONDRIAL RNA GROUP and MITOCHONDRIAL RNA
NUMBER (uq) (ug/q) NUMBER - {ug) (ua/a)
' 12 10.9 23.5 R RV 16.8 25.6

N3 10.7 25.6 118 1.3 24.6
¢s 114 10.1 23.9 TS 119, 0.7 25.0
115 0.6 25.1 120 9.6 21.5
116 9.5 24.4 121 10.1 22.4
MEAN 10.4 24.5 10.5 25.6
SEM +0.3 +0.4 +0.3 +0.7
59 34.3 19.6 39 51.4 24.3
60 — —_— 40 46.9 26.6
61 24.0 13.9 a1 32.0 17.8
62 30.8 14.6 42 54.9 31.8
s 63 61.7 30.6 X 41.1 20.8
64 49.1 22.9 a4 30.8 17.3
65 34.3 18.3 47 43.4 22.1

66 68.6 36.9 “48 24.0 16.1
67 46.9 28.3 — S S
68 40.0 20.9 — B —
MEAN 43.3 22.9 40.6 22.1
SEM +4.9 +2.6 +3.8 . 1.9
25 18.3 8.9 13 59,4 23.3
26 34.3 14.5 15 26.3 1.6
27 24.0 10.4 16 40.0 15.8

28 18.3 8.9 17 54.9 24.8

5 29 34.3 13.6 sTos 18 60.6 26.6
30 ' 54.9 20.6 19 53.7 23.4
31 45.7 21.0 20 57.1 24.8

32 49.1 25.8 21 20.6 8.5
33 45.7 19.9 24 ‘19.4 13.2
38 16.0 7.5 — —_ —
MEAN 34,1 15.1 43.6 19.1
SEM +4.5 +2 +5.7 3
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TABLE XIX TOTAL MICROSOMAL RNA AND CONCENTRATIOM IN
THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
ANTMAL ANTMAL "
GROUP and MICROSOMAL RNA GROUP and MICROSOMAL RNA
NUMBER (ug) (u9/9) NUMBER . (ug) (wa/g)
112 14.5 31.3 117 14.4 34.1
‘ 113 . 18.0. 43.1 _ 118 19.0 41.4
cs 114 . 147 34.8 ST5- 119 18.1  40.7
115 - 17.9 42.3 120 12.2 27.3
116 13.9 35.6 121 14.8 32.9
MEAN 15.8 . 37.4 15.7 35.3
SEM . 40.9 +2.3 +1.3 +2.6
59 46.9 < 23.7 39 36.6 17.3
60 36.6 21.3 40 . 20.6 11.8
61 41.1 23.7 41 18.3. 10.2
62 4.1 12.5 42 - 20.6 11.9
cis 63 45.7 22.7 N ostrs 43 53.7 27.2
© 64 29.7 13.9 44 . . 45.7 25.6
65 34.3 20.5 47 43.4 . 22.1
66 24.0 12.9 48 18.3 12.3
68 $26.3 13.8 — _— —
MEAN 35,7 19.1 ° 32.2 17.3
SEM - ~$2.5 +1.3 . #5.1 +2.4
s 49.1 23.8 13 6l 24.2
26 36.6 15.5 15 N S
27 26.3 11.5. - 16 49.1 19.2
28 34.3 4 ° 16.8 : 17 51.4 23.2
o5 29 . 434 ]772 stps 18 64.0 28,1
30 54.9 20.6 19 59.4°  25.9
31~ 457 21.0 20 57.1 . 24.8
2 4 21.7 21 6.7 25.5
33 29.7 12.9 24 4.1 {27.9
| 34 40.q& 18.7 —_ R
MEAN ' 40.1 - 18.0 : 55.7 24.8
SEM +2.8 41,2 +2.8 +1.0

j— -— . — —




TABLE XX TOTAL HOMOGENATE DNA AND CONCENTRATION IN
THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS

ANTHAL ' ANTFAL _
GROUP and HOMOGENATE DNA GROUP and ~ HOMOGENATE DNA
NUMBER (ug) (ug/q) NUMBER (ug) (ug/q)
112 46 - 898 N7 413 979
113 372 890 ¢ 18 392 854
c5 114 398 941 ST5 119 373 838
115 368 870 120 351 785
116 377 967 121 401 891
MEAN 386.7 913.2 '386.0 869. 4
SEM <o +17.8 +10.9 +32.3
59 . 1180 . 572 139 1280 605
60 1000 583 40 992 570
61 960 556 41 1020 568
62 1112 528 ' 42 1008 584
c1s 63 1288 640 sT1s 43 1080 547
64 1080 505 44 1152 646
65 - 1060 566 . 47 1120 569
66 - 1168 629 18 860 576
67 . 968’ 590 : - — —_— —_—
68 1032 540 - —_—
MEAN ’ 1084.8 570.9 | 1064.0 583.1
SEM | +33.0 £13.4 +44.3 +10.7
25 080 572 13 1072 420
26 123 583 15 1088 478
27 152 556 16 1240 489
28 920 528 17 - 952 430
o5 29 1088 640 sros 18 . 1180 518
30 1240 505 19 1120 489
31 980 566 20 1020 442
32 928 629 21 1152 476
) 33 1160 590 24 820 557
34 1080 - 540 — _— —
MEAN 1086.0 484.6 1071.6 477.7

SEM +36.3 +10.3 +42.4 +14.5




TOTAL MYOFIBRILLAR~

NUCLEAR DNA AND CONCENTRATION,fN

TABLE XXI
P JHE GASTROCNEMIUS MUSCLES OF THE.SIX, ANIMAL GROUPS
ARTMAL MVOFTBRILLAR-NUCLEAR  ANIVAL FYOF TBRTLLAR-NUCLEAR
GROUP and DHA . GROUP and © DNA
NUMBER (ug) fugfg) NUMBER - (wg) - (pa/a)
112 395 - 853 v o7 392 7929
113 348 833 18 . 368 802
cs 114 393 929 ST5 119 367 825 -
115 345 817 1o 33 745
116 72 - - 95f 121 395 " g78
MEAN 3706 877.2 371.0 835.8
SEM +10.6 £07.2 +11.1 +31.6
59 1120 543 - 39 1240 586
60 980 570 : 40 952 547
61 1072 619 4% 960 535
62 1088 516 ° 42 1020 591
o5 63 1232 o2 sns 93 1032 523
64 jos 490 < 44 1120 628. "
65 1040 o 5557 47 1088 ° 553
66 1200 . 646 . Tag 840 563
- 67 928 565 I —
68 980 512 - = —
MEAN 1068.8 562. 8 . J031.5 . 565.7
SEM +30.5 +16.0 +42.8 £12.1
25 . .1000-, 485 13 . s - 408
. 26 1120 a1 15 1032 453
27 90 .49 /o 16 - . 1180 465
28 . 860 o 420 f7 848 383
e (201060 ‘422 5125 . 18 1160 510
30° 1128 . 424 L 1900 1100 480
31 T 960 441 20 1000 434
32 860 . 453 21 - g2 433
33 1120 - 487 24 768 521
34 1060 497 — — —
MEAN 1012.8 4523 1018.9 . 454.1
SEM +9.9 - +45.0 +15.1
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TABLE XXII TOTAL SOLUBLE DNA AND CONCENTRATION IN THE

GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
ANTMAL . ANTHAL .
GROUP and SOLUBLE DNA . GROUP and SOLUBLE DNA
NUMBER - (ua (ua/g) NUMBER (ua) . (ua/q)
N2 2 2 4.8 7 2.2 5.2
R EE 2.4 5.8 118 2.5 5.6
s 114 2.6 . 6.1 ST5 119 2.6 5.8
" 115 2.4 5.7 120 -9 1.9 4.2
116 2.4 6.3 | 121 2.6 5.8
MEAN 2.4 5.7 .4 5.
o SEM -~ +0.1 +0.3 +0.1 +0.3
59 8.6 4.4 39 0.3 3.0
6Q 8.4 4.9 . 40 8.0 4.6
"“61,\ 7.4 4.3 41 6.8 3.8
62 © 8.6 4.1 42 8.0 . 4.6
s 63 8.0 4.0 o115 43 9.4 4.8
64 - 7.8 3.6 Y 7.8 4.4
65 8.4 4.5 47 8.8 4.5
66 5.7 3.1 48 7.8 5.2
67 7.4 4.5 . — —_ . —
68 8.8 4.6 — — 7 —
MEAN 9 4.2 7.9 4.4
SEM +0.3 +0.2 +0.4 +0.2
25 8.6 4.2 13 8.6 3.4
26 7.4 3.1 15 47.4 3.3
27 9.1 4.0 16 7.4 2.9
28 5.7 2.8 17 9.1 4.1
s 29 8.8 3.5 o5 18 6.8 3.0
30 6.3 2.4 19 6.8 3.0 -
3('5 6.8 3.1 20 10.3 4.5
32 10.9 " 5.7 21 7.8 3.2
33 7.4 3.2 24 6.3 4.3
3 7.6 3.6 — —_ —
MEAN 7.9 3.6 7.8 3.5
SEM 0.5 +0.3 +0.4 +0.2




TABLE XXIII TOTAL MITOCHONDRIAL DNA AND CONCENTRATION IN
THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS

ANTTAL ‘ ANTMAL — !

“GROUP and MITOCHONDRIAL DNA GROUP and ' MITOCHONDRIAL DNA
NUMBER ' (ug) (1g/9) NUMBER fuq) (ua/g)

nz 3.2 6.9 n7 3.2 7.5

13 2.7. 6.5 | 118 2.8 6.2

s 14 3.0 7.0 STS, 115 2.8 6.4

115 2.7 6.3° \qeo 2.7 6.0

116 2.8 7.2 ‘ {\ 3.0 6.7

MEAN 29 U oEe e b 2.9 6.6

SEM +0.1 +0,2 - “iif_ +0.1. +0.3

59 _— . — i 7.0 3.3

60 84 4.9 40 8.6 4.9

61 7.6 4.4 a1 8.8 4.9

62 8.4 4.0 a2 n.2 6.5

s 63 1.8 '5.9 s 43 T4 3.8

.64 7.0 3.3 a4 8.8 4.9

65 8.0 4.3 47 9.1 4.6

66 9.1 4.9 ag 6.3 4.2

67 7.8 4.8 — — —

68 9.1 4.8 — — - —

MEAN 8.6 6" 8.4 ' 4.6

SE +0.5 10,25 +0.5 +0.3

25 6.3 3.1 12. . 8.8 3.5

26 9.1 3.9 15— —

27 9.7 4.2 6 8.6 3.4

28 8.4 4.1 17 8.0 3.6

o5 29 9.6 3.8 stos 18 8.0 3.5
| 30 10.% 3.8 19" 7.2 3.1

31 6.5 3.0 20 8.0 3.5

2 8.4 4.4 21 8.6 3.6

33 7.0 3.0 24 7.4 5.0

| 34 . 6.8 3.2 — — —

MEAN | 8.2 3.7 8.1 3.6

SEM +0.5 +0.2 +0.2 +0.2




TOTAL MICROSOMAL DNA AND CONCENTRATION IN

TABLE XXIV
\ THE GASTROCNEMIUS MUSCLES OF THE SIX ANIMAL GROUPS
ANTMAL ANTMAL

GROUP and MICROSOMAL DNA GROUP and MICROSOMAL DNA
NUMBER (ua) (ug/q) NUMBER (uq) (ug/q)
112 2.4 5.2 117 2.4 5.6

113 2.0 4.9 | 18 2. 4.7

- e 2.2 5.3 s 119 2.1 4.8
115 2.0 4.7 120 2.0 4.5

116 2.1 5.4 121 2.3 5.0

MEAN Y 5.1 2.2 4.9
SEM +0.1 +0.1 +0.1 +0.2
59 7.6 3.9 39 9.7 4.6

60 8.2 4.8 - 40 7.4 4.3

61 10.5 6.1 4 6.3 3.5

62 6.8 3.2 42 5.7 3.3

o5 63 7.8 3.9 15 43 8.0 4.1
64 7.4 3.5 44 6.8 3.8

65 6.2 3.3 47 6.8 3.5

66 7.4 4.0 48 5:8 3.9

67 7.4 4.5 — _ —_
.68 . 5.8 3.0 — —_ —_—
MEAN 7.5 4.0 7.1 3.9
SEM +0.4 +0. 3 +0.5 +0.2
25 7.6 3.7 13 6.3 2.5

26 8.0 3.4 15 8.8 "3.9

27 5.7 2.5 16 6.3 2.5

28 7.0 3.4 £17 " 6.8 3.1

o5 - 29 5.8 2.7 sTp5 18 7.0 3.1
30 "6 2.9 19 7.4 3.2

31 6.8 3.1 20 6.8 2.9

32, 7.8 4.1 21 7.8 3.2

33 7.2 3.1 24 7.0 4.8

34 7.4 3.5 — —— —

MEAN 7.2 3.2° C 7.1 3.2
SEM +0.2 +0.2 . +0.3 ' +0.2
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7

£7]

[8]

[9]

[10]
(1)
[12]
[13]
[14]
[15)
[16]
[17]
[18]

[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

APL COMPUTER PROGRAM FOR NEWMAN - KEULS. AND

SIMPLE EFFECTS TESTING
¥

v DUNLN[1)w

v DYNLN

M4 .

VM<MBS e
BR1 :MMT1«M-1 .

N<CNUM

EMS«SEMS

DV«SNKC
»BRmeMM1=(p(DV,1))~] G

‘LRONG NUMBER OF VALUES. TRY AGAIN!
»BR1 : ‘¢
B2 :MULT«{EMS:N)*0.5 )
DV<DV~MULT

RAMD«+VM

a3,

(7' SEQUENCE OF MEANS: ' ),V RAND
NEW<VHM[RAND]

NEV

DV<DV[+DV], 1

JSAVE<M

MP1<M+1

MAX<( INEWM[1])T INEN[M]

<0 .
BR3: ¥<I+1

COMP<MP1-1

DIFF<COMP +NEW[ COMPJ-MEW

DV<(-COMP) 4DV ‘
JC<COMP-J« (T (DIFF-DV):10000+MAX )10
SBRAx(J=JSAVE ) vI=COMP

JSAVE«J

V1+(3xJ-1)p"

V2«(3xJC+1)p" -

V3<V1,V2 ' . a
V3
BR4 :»BR3x1 T <M-1

50x1JSAVE= M

vxx%  ALL MEANS ARE SIGNIFICANTLY DIFFERENT.'
\ : - ’

(3M) *'1 2 3 4 5 6 7.8 9 10 11 12 13 14 15
16 17 18 19 20 21 22 23 24 25 26° 27 28 29 30"

11
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INPUT PORTION OF APL PROGRAM

JINPUT[ O]
¢ INPUT
"CELL MEANS'
CHM]

M3

'CASES'
CAS{0
"ERROR MS'
SEMS
SEMSSSEMS
MATR«(2,3) pCM

'"MEANS OF A’
MAS<O(+/MATR ) + 3

'"MEANS OF B'
MBS<{J(+£MATR) :2
CNUM«(QQ++/CAS) =3
EDF+QQ-6
SNKC«SNK+(40-EDF) x0. 004

*TIME RANGES (Y OR N)'
Y- - o .
~BR1xY="'N"'

DUNLN

BR1:' '

" INTERACTIONS (Y OR N)'
Y+{J

+BR2xY="N"

SEMS<«SEMSx? _
MBS-MATR[1;]-MATR[2;]"
DUNLN . '

BR2:' ! - . '
'SIMPLE EFFECTS (Y OR N)' , A\
Y3 ’

0 Y="N'

SEMS«SEMSS

MBS+CM . , [
CNUM«CNUM=2 '

SNKC«SNK5+(40-EDF }x0,005

M«6

DUNLN

v
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PLATE ITI PHOTOMICROGRAPH OF C5 MEDIAL GASTROCNEMIUS
- MUSCLE STAINED FOR MYOSIN ATPase (pH 9.4),
MAGNIFICATION x 480 . '

L]

PLATE IV PHOTOMICROGRAPH OF C15 MEDIAL GASTROCNEMIUS
MUSCLE STAINED FOR MYOSIN ATPase (pH 9.4),
MAGNIFICATION x 480

PLATE v 1 PHOTOMICROGRAPH OF C25 MEDIAL GASTROCNEMIUS
: " MUSCLE STAINED FOR MYOSIN ATPase (pH 9.4),
MAGNIFICATION x 480 ‘ :



N6




PLATE VI PHOTOMICROGRAPH OF C5 MEDIAL GASTROCNEMIUS
' MUSCLE STAINED FOR NADH DIAPHORASE,
MAGNIFICATION x 480

PLATE VII PHOTOMICROGRAPH OF C15 HEDIAL GASTROCNEMIUS
MUSCLE STAINED FOR NADH DIAPHORASE,
MAGNIFICATION x 480

A

PLATEUVIII PHOTOMICROGRAPH OF C25 MEDIAL GASTROCNEMIUS
: MUSCLE STAINED FOR NADH DIAPHORASE
MAGNIFICATION x 480
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TABLE XXVII GLUCOSE-6-PHOSPHATE AND ISOCITRATE DEHYDROGENASE
. DATA FOR THE HOMOGENATE AND SUBCELLULAR
R FRACTIONS OF GASTROCNEMIUS MUSCLE

ERACTION G6PDH . RECOVERY ~ ICDH RECOVERY
(10%/9) (%) (1U/g) (%)

HOMOGENATE 1.236 S 100 1.489 100

MYOF IBRILLAR- “0.721 . 60.5  1.00¢ 71.7 «

" NUCLEAR v .
MITOCHONDRIAL _— —_— _— —
MICROSOMAL ©0.306 5.7 0.053 2.8
SOLUBLE ' 0.165 13.8 0.344 24.5
TOTAL FRACTIONS  1.192 9.4  1.403  94.2

r

r

@International Units = uM N'ADPHZmin/m1 expressed as a
concentration per g wet wt of tissue

[



PLATE 1

PLATE 11

ELECTRON PHOTOMICROGRAPH OF MITOCHONDRIAL
FRACTION NEGATIVE-STAINED.WITH PHOSPHO-
TUNGSTIC ACID, MACNIFICATION x 46,300

ELECTRON PHOTOMICROGRAPH OF MICROSOMAL‘FRACTION _
NEGATIVE-STAINED WITH PHOSPHOTUNGSTIC ACID
MAGNIFICATION x 44,900 .

-
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1) MODIFIED LOWRY PROTEIN PROCEDURE  (Lowry et al., 1951)

-Reagents

1

2.0% NaZCO3

61.7%
35.7%
- 1.3%

1.3%

0.5% CuSO4-H2

AN
1.0% NaKCyH,00 (sodium potassium tartrate) '

0 in distilled water (D. H2 )

in D. H,0 to pH 12.5 with 10 N NaOH

2 N Folin reagent 1:1 with D. HZO
Lowry C solution

Na2C03so1'n abéve
D. HéO
CuS,O4 sol'n above

NaKC4H40.6 sol'n above

100.0%

Reaction Mixture

0.1 ml-

5.0 ml
0.3 ml

Procedure :
Add 0.1 ml
Add 0.5 m1
Add 0.3 m1

and Tet stand 2 hours to 2 days.

Lowry C sol'n

sample
Lowry C
Folin reagent

sample to a 15 ml test tube.
Lowry C ant Jet stand at least 10 min.
Folin reagent while mixing on Vortex

4. Read spectrophotometrically at 750 nm.

Blank

Substitute 0.1 ml of buffer for sample.

Standards

Use 0.1 of Boyine Serum Albumin (dissolved in the same

buffer) instead of the samples. Cut a stock protein
solution to the appropriate values.

Note: Protein Solubilization

o
> One ml samples

of the homogenate, myofibrillar=nuclear

and soluble fractions were dissolved in 3 ml 0.3 N NaOH

for 30 min at 37°C to solubilize protein. Only 1 ml of

0.3 N na0H was

added to.1 ml samples of the mitochondrial



2)

and microsomal fractions. Thereafter, the Lowry proce-

dure was followed as pfevious]y described.

TWO WAVELENGTH METHOD FOR RNA DETERMINATIONS (Fleck and Begg, 1965)

"Ribonucleotide products of RNA hydrolysis found in the superna- -

tant and washings following RNA extraction procedures were read spec-
trophotomet§ica1]y at the‘wave1engths‘of 260 and 232 nm. RNA concen-
trations were then calculated according to the following equation
(Fleck and Begg, 1965): '

RNA

Where CRNA is the concgntration of RNA and A260 A and A232nm are thes

absorbance values at the respective wavelengths. Standard curves

were made using. calf Tiver RNA stardards (Sigma Chemical Co.), and

these values were corrected for po]ypeptide contamination using the

same equation.

DETERMINATION OF DNA WITH INDOLE (Hubbard et al., 1970)

Reagents - 4.N‘HC1
- 0.08% indole in.D. H,0
-~ Chloroform, spectroanalyzed
-~ Color reagent '
" 0.08% indole 1:1 with 4 N HC1 (This reagent must®
be made up‘just prior to usage.) )
Procedure S

1. Add 2.0 ml of sample from DNA hydrgjysis to a screw-
cap culture tube., < v

2. Add 2.0 ml color reagent (0.08% indole 1:1 4 N HC1),
seal caps, and heat for 15 min at 100°C in a metabolic.
shaker bath. o

3. Cool mixture for 5 min in an ice bath to stop color pro-

¥

duct formation,

4, Add 4.0 ml chloroform and mix well.
g

re
\
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5. Shake mixture mechanically for 5 min.
Centrifuge at 1000 X g. tor S min.
7. Aspirate the chloroform layer (bottom) from tube and
 discard. .
Repeat chloroform wash, stéps 4, 5 and 6. .
Draw off DNA color product (top 1ayer)iand read spec-

.rophotometrically at 490 nm. N

Blank '
Substitute 2.0 ml ‘of 5% TCA for the sample.

vStandards
Use 2.0 m1_bf calf thymus DNA (Sigma Chemical Co.) dissolved
in 0.001 N NaOH instead of samﬁ]es. Cut stock DNA solution
to the appropriate values. '



