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ABSTRACT

CONTRACTILE PROTEIN ADARTATIONS TO COMPENSATORY

HYPERTROPHY OF RAT PLANTARIS MUSCLE

by

Qian Tang

Proteln synthesis, myosin ATPage activity and myosin
light chain ¢omposition in rat plantaris mﬁécle undergoing
compensatory pertrophy has been investigated. ‘These
parameters wer correlated with the histochemical adaptation
in the same mu%cle. At 2, 5, 15, 30 and.SO days post-surgery

rat hindlimbs were perfused with buffer containing [BH]phenyl-

alanine. At these times, the weight o? the hypertrophied

" plantaris muscle (HP) had increased by 11, 33, 33, 50 and

104%, respectively, compared to the contralateral control.

Total muscle protein and myosin protein synthesis in the HP was

found to be stimulated (p< 0.05) at 15 days post-surgefy and

returned to nbrmal by 30 days. At the 30 day interval, the

percent of histochemically determined alkaline-labile (S0O)

fibers had inoreased in the HP from 11% to 21% (p=<0.05)

with little further charnge thereafter. The myosin slow light

chain 1 component] percent increased (p<0.05) in the HP.

#

Meanwhile, Ca" —activated myosin ATPase activity (pE 9.8)

.



declined by 8.5% (p<0.05). A transforma;ion from &gst to
slow twitch muscle fiberé was speculated These.
observations suggest that the muscular adaptive remodeiling
process was stimulated between 15 ‘and ‘30 days after the
muscle was overloaded and was well eStgblished in less than

30 days. The early compensatory muscle growth could be due

to decreased protein degradation.
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" INTRODUCTION

Skeletal muscle is composed of a mixture of muscle
fibers.each having different metabolic and contractile
characteristﬁcs'(Bérnard et al., 1971; Baldwin et al.,
1972; Peter et al., 1973). An increased workload can cause
a muscle ta undergo compensatory growth and alter its
bioggemical and histochemical properties (Goldberg et al.,
.19 olloszy, 1975; Balawin et al., 1977). This
adﬁptation ultimately'}eads to an increase in the musdle's
capacity to generate tension.

In an effort to understand the relative plasticity of
skeletal muscle, attention has focused on the underlying
adaptive_mechanisms for ac00modati£g iﬁcreased functional
demand. Sevéral animal models have been employed to
overload skeletal muscle. They include treadmill running
(Faulkﬁer et al., 1971; Baldwin et al., 1972), weight
training (Exner et,al.a 1973; Gonyea and Bonde-?etersoﬂ,
1978; Gonyea, 1980) and tentomy of synergists (Goldberg,
1969; Schiaffino, 1974). However, treadmill running and
welght training have been found to induce oni§ minimal growth
whilé tenotomy results in a mild but.transieﬁ? muscular
hybertrophy.

'Recently, compensatory hypertrophy of the rat blantaris

muscle induced by é total resectioning of the ipsiiateral



-
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gastrocnemius has been utilized by several investigators
(Ianuzzo et al., 1976; Armstrong et al., 1879; Gollnick et

421., 1981). With this model, hypertrcﬁg;f;}ssgfislzf .

represents the"muséular response to an elevated contractile

demand placed on the muscle g; removal of its synergists.

This suréical model can induce a rapid, large and sustained

mpscu;ar hypeftrophy as well as a marked ﬁlteration in the

muscle fiber type profile (review in Ianuzzo et al., i981).

It is a pafticularly useful and convenient model to examine -

"
musclé a@aptationi

The process of muscular hypertrophy must be accom-
plished By a net synthesis of Eellular materials, partiéq—
larly the protein that constitutes the contractile elements.
Previous studies have revealed that compensatory

hyper;rophy-ié‘gccompanied by increased protein synthesis

fr]
(Hamosh et al., 1967; Gdldberg, 1968). Simultaneously

-
.

protein catabolism.was.reported to be depressed (Goldberg,
1969). Thé increased prote{ﬁ synthesis together with
decreased degradation are thought to aqcount for the
quéntitative and qualitative changes in muscle protein
found to occur during hypertrophy. Howeveé, these previous
investigations most often concentrated on short-term
(usnally within 7 days post-surgery) muscle c&mpensafion.
Since the compositehhali-life of tissue protein is

considerably“lénger than 7 days (apbroximately 25 _days,



Gubjarnggon et al., 1964),.compensatory remodelling of the
overloaded\ﬁuscle would probaﬁly not be completed in such a
short time. This being ‘the case, a longer term study relating
protein synthesis to the g¢oncommitant biochemical and histo-
chemical changes would ovide more insight ihto-the mech-
anism(s) of muscle adaptation to enbhanced fupctional demand.

A revieﬁ of some contractile propertie;ggg hypertro-'
" phied muscle has shown that short—term.surgicalfﬁwinduced
hypertrophy is accompaniedyby ahreducfion of muséle
contractility as reflected by reduced tension development
per unit mass (Lesch et al., 1968; Gutman et al., 1969} and
prolongation of contraction time (Vrbova, 1963; Lesch et
al., 1968). This was suggested to be due to a reduced
protein concentration caused by edema and/or é recduced
specific activit;‘of the enzymes, myofibrillar ATPase
(Gutman et al., lééa) and myosin ATPase (Jaclecki and
Kaufman, 1973). However, it has alsc been reported that .
muscle contractile properties are unaltered following
chronic hypertgbphy (Binkhorst and van't Hof, 1973).
Therefore, the time course and extent to which contractile
characteristics are altered in the muscle undergoing hyperf
trophy remains open to. question.

Whereas theré is confusion regarding the contractile

character of hypertrophied hggcle, there is no question

that compensatory hypexrtrophy is accompanied by significant
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histochemical alterations. A disprdportional increase in
cross—sectional area of the different fiber types has been
observed. The hypertrophied muscle exhibits an increase in
its pef&entagelof histochemically determined alkaline-labile
(SO) fibers aslcompared to its c§ntra1atera1 control (Guth
and Yellin, 1971; Schiaffino and Bormioli, 1973; Ianuzzo et
al., 1976): It has been speculated that this results frop
a transrormatioﬁ of fast—twitch‘to élow-twitch muscle
fibers (Ianuzzo.et_al., 1976). The depressed myosin ATPakse
activity observed in hypertrophied muscle (lanuzzo et all,
1981) is consistenf with this histochemical observation
since a low myosin ATPase activity has‘been found to be one
of the cﬁaracters of slow muscle (Barény, 1967). This
fiber transformation would represent a;functional
hypertrophic adaptation as slow-twitch fibers exhibit a
greater energetic efficiency in maintaining isometric A
temsion than do fast-twitch ones (Awan and Goldspink, 1970).
In an attempt to explain the significance of the histo-
chemical adaptation in muscle, the compositi;n of the myosin
protein, one of the primary contractile elements,. has been
examined in the hypertrophied muscle. Ianuzzo et al. (1981)
demonstrated a shift in the electrophoretic myosin light
chain pattern towards that of a "slow" type myosin in the
chronically hypertrophied rat plantaris muscle although they

did not quantify this alteration. This indicated that a



substantial alterapiOn may occur in the myosin molecule .
during the develdpmént of mﬁscular hypertrophf. it was;
'speéulated that chronicafly altereq;ambulatory requirements
of a muscle can alter myosin gene eXbression (Ianuzzo et |
al., 1981). Unfortunately, the synthesis'brocess of this
contractile protein has not been investigated. AIt is not
adequate to generalize the flndlng in total muscle protein

- synthesis adaptatlon during muscular hypertrophy to the .
possible response of myosin protein synthesis.

No systematic information is presently availabie_to
indicate the relation between these histochemical, biochemi-
cal and electrophoretic alterations and their significances
with regard to the hypertrophy process. gince such an
examination would help to elucidate the factors responsible
for. altering genetic expression, the present study was

© undertaken to investigate the time course (2-50 daYs

post-surgery) of altération in total prorein and myosin -
'//* protein s&nthesis,~histochemica1 properties, myosin

//{/ structure and myosin catalytic capacity in the rat

| plantaris muscle undergoing surgically induced compensatory

. hypertrophy. It was anticipated that this invespigation
would offer some insight lnto the temporal relation among
these parameters and allow some speculation with regqrd to the

mechanisms of muscular adaptation to a functional overload.




MATERIALS AND METHODS

At various times.post—surgery (2, S5, 15,.50 and 50
dgys), protein syntheéis, myosin synthesis,&gxgiFn ATPase
activit§ andllight chain composition in the hyﬁgrtrophied
rat pléntéris muéclé were measured and related with the
histochemically determined adaptation in the same musqle.
Selécted parameters were 2also examined at 150 days post-

surgery. .

3

Animals . : '

Wistar rats (Woodlyn Fa.rmsi Guelph, Ontario, Canada)
having initial body ﬁeights of 200-220 g were employed in
this study, They were housed individually and were fec _ d
watered ad libitum. All animals weré maintained in a
confrolled environment wiﬁi}g temperaturé of 21°C and a 12

hr light/dark cycle.

HypE&rtrophy Model

Compensatory hypertfophy o%}rat plantaris muscle was
induced by a total resectjioning of the gastrocnemius muscle
as described by Ianuzzo and Chen (1977). The contralateral

leg served as a sham-operated control.

<

[N
>
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Determination of Protein Synthesis in Hypertrophying

Plantarils Muscle/

Perfusion Procedures. To examine the protein synthetic

~

process in muséle undergoiqg hyperfrophy, animals were
sacrificed at appropriate times post-surgery and a hindlimb
preparation was perfused with a [3H]phenylalaniné buffer.
The surgical procedures to prepare the hindlimb for
perfusion were essentiaily thoée described by Jefferson
(1975) as modified by Burton (1978). The hindlimb
preparation was perfused with a Krebs-Henseleit bicarbonate
buffer containing 15 mM glucose, bovine insulin (25
milliunits/ml), 0.4 mM phenylalanine (5 times normal

plasma level) and the other 19 common amino acids (Tolman
et al., 1973). [3H]phenyla1anine was ad@ed to‘%he buffer . .
to yield a final activity of 0.25 uCi/ml. The perfusate
waé gased with 95% GQy: 5% 00, and maintained at 37°C. The
hiﬁdlimb preparation was initially perfused with 50 ml ?f
the perfusate which was collected and discarded.

Thereafter 150 ml of the perfusate was %Pecirculated at a
flow rate of 10-12 ml/min for 60 min (Dobm et al., 1980),
at which time the plantaris muscles of both the
hypertrophiéd and control legs'were excised, weighed and
stored in 50% glycerol at -20°C for later use.

Mvosin Extraction. Myosin extraction was carried out

at 0-4°C by a modification of the procedure employed by Bhan /f\
;



and Scheuer (19?5). The muscle tissues was minced and
homogenized with a PotterrElvehjem tissue homogenizer in 20
vol of 0.05 M KCl ; 0.01 M KHP04(pH 7.0). After
-centrifugation at 2,000 g for 10 min, the peliet'was
-suspended in 20 vol of 0.05 M KCl — 0.01. M KHPQ; , 1% Triton
k;loo {({pH 7.0) and stirred for 45 minutes; This fraction
was then centrifuged at 2,000 g for 10 min, and the residue
was washed twice with 0.05 M KCl - 0.01 M KHPO,; (pH 7.0).

| The washed myofibrils were extracted with 30 vol of 0.47 M
KCl - 0.01 M KHPO,and 0.02 M K4I§307 (ph 6.3) for 15
minutes. Following centrifugation for 30 min at 13,000 g,
the supernatadt was diluted 10-fold with cold double
distilled water. The resulting myosin precipitate was
dissolved in 18 ml of 0.47 M KC1 - 0.01 M KHPO4, 0.02 M
K,B, 0. and 0.005 M MgCl, (pH 6.8) and centrifuged for 1.5 hr
at 90,000 g. The supernatant was then fractioned with a-
saturated‘ammonium sulfate solution containing 0.01 M

EDTA. The fraction precipitating from 35—45% saturation
was collected by centrifugation at 13,000 g for 10 minutes.
This fraction was resusbended in a solution of 0.6 M kCl in
0.05 M Tris apnd dialyzed against a buffer of 10 mM KC1,

1 mM EDTA, 1 mM Tris and 0.05 mM DTT (pH 7.0) for 14-18
hours. The myosin was then collected by =a céntrifugation
at 30,000 g for 30 minutes. Employing this procedure, the

myosin yield was on the order of 20 mg/g wet weight.



Approximately one half of the myosin pellet was
dissolved in 0.6 M KC1 and used for radioisotope
scintillation counting and electrophorétic analysis. The
remainder was stored. in a scluticn of 0.6 M KC1, 20 mM
EDTA, 2 mM DT% and 50% glycerol (pH 7.0 - 7.2) at -20°C for
subsequent myosin ATPase determination. The concentration

of myosin protein in both portions was quantified by the

method of Lowry et al. (1951).

Total Protein Extraction. To 1solate the total tissue

-3

protein, a 1 ml aliquot of the homogenate described in

"Myosin Extraction' was precipitatéd overnight in an eqﬁal

”
volume of 0.6 ¥ TCA at 4°C. Following centrifugation at

2,000 g for 15 min, the protein precipitate was dissolved
in 1N NaOH and was quantifiéd according to Lowry et al.
¢1951).

Liquid Scintillation Counting. To determine the

[3H bhenylalanine incorporation into total muscle protein,
aliquots (100 ul) of this Iraction,were suspended in a
toluene based scintillatiOn solution, for counting'in a
Beckman LS-100 liquid écintillation‘counter. 'Similarly,
aliquots of myosin (400 ul) were counted afteﬁ/SZI;E\\\\\
dissolved in a diluted PCS (Amersham) cocktail (PCS:Toluene,
2:1). The radiocactivity was expressed as disiﬁfegrations

per min (dpm) per mg protein.

Specific Radioactivity of Free Phenylalanine. After
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the totﬁl tissue protein was precipitated with 0.6 M TCA
}see above), the supernatant (TCA solublé'rractiOn) was
employved to defermine the spegific radiogctivity of free
phenyla}anine*in the muscle. - TCA was removed fggm the
aqueous phase according to the method of Warner and
Finamore (1967). To the TCA soluble portion, a slight
excess of 1IN alamine in chloroform was added and the two
rhase system was mixed thbroughly and then centrifuged for
10 min at 2,000 g. The deacidified aqueous phase.was
removed carefully ana dried in an oven at 50°C. The remaining
phepy;alaning was suspended in 400 ul of 0.3 M TCA and
quantified by ihe method of Joyce et-al. (1865). Tﬁe
radiocactivity was determined as previously detailed for
myosin.

Rate of Protéin Synthesis. The protein synthetic rate

(in both total and myosin fraétions) was calculated by
dividing the incorporation rate of (3H} phenylalanine
(dpm/mg protein/hr perfusion) by the specific radiocactivity-
of free phenylalanine (dpm/nmo&*ghenylalanine) in the
muscle. This rate was expressed as nmole phenylalanine

incorporated per mg protein per hr perfusion.

Histochemical Measurements

In order to estimate the percent alkali-labile

(slow-twitch) and alkali-stabile (fast-twitch) fibers,

o
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muscle cross-sections of 10 um thickness were stained far
myofibrillar ATPase_tolﬁowing an alkaline pré-incubation at
pH iO.3 (Padykula and Hermén, 1955; Guth ;nd Samaha, 1969).
Fiber type poﬁulafions Weré estimated by the claésifi—
cation of 25-30 Iibers.in each of eight regioné evenly
distributed throughout the muscle cross-sections. Thoge
fibers which- showed an intermediate staining intensity for

myofibrillar ATPase were recorded as alkaline stable.

Fractionation of Myosin

-

Myosin samples (100 ug) were separated on a sodium
dodecyl suifate (SDS) polyacrylamide disc gel system
according to the procedure of Laemmli (1970). Separating
gels (9 cm)-of 10% acrylamide containing 0.375 M Tris-HC1
(pH 8.8), 0.1% SDS and 1 cm stacking gels of 3% acryl#ﬁide'
containing 0.125 M Tris-HCL (pH 6.8), 0.1% SDS were' '
prepared. The electrode buffer (pH 8.3) contained 0.025 M
Tris, 0.192 M glycine and 0.1% SDS. Electrophoresis was
carried out with a current of 1.5 mA per gel. The gels
were stained with 0;25% Coomassie Brilliant Blue R-250 and
the myosin light chains were identified by determination ofj
their molecular welghts uéing appropriate standards (Weber
and Osbofn, 1969).

The molar ratio of myosin light éhains was determined gy

integration (Lowey and Risby, 1971) following scanning of

#
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the SDS gels in a Gilford 2520 gel scanner.

Myosin ATPase Activity

~ Thé Ca’ -activated myosin ATPase activity at 25°C was
assayed at both pH 7.0 and Q.é using # modification of the
method of Barany and Close (1971). Myosin protein (0.15 -
0.2 mg/mi) was preincubated in a reaction mixture composed:
of 25 mM KC1, 10 mM CaCl, and either 60 mM histidine (pH )
7.0) or 75 mM glycine (pH 9.8). The reaction was then
iﬁitiated by thg additionlof'NazATP (3 mM). The method of
Rockstein and Herron (1951) was uéed‘to measure inorganic

phosphate liberation.

Statistical Analysis

~

The dependent t-test was employed for statistical
comparison of data from -hypertrophied muscle and its
contralateral control. A p-value of 0.05 or less was

considered significant.



RESULTS

Characteristics of the Hypertrophy Model _ - e

a presented in Table 1 indicatéé that the rat
plantaris mascle in the limb from whicﬁ-the gastrdchemius
musqle had been removed dem;nstrated a large and sustained
increase in wet weight when compared to its cbntralateral
control, The increase ranged from 11% at 2 days to 104% at
50 days post-surgery with little additional change there-
after. This is similar to previous data employing the same
surgical model (Ilanuzzo and Chen, 1979).

In contrasf to previous investigations, the water COA—
tent.(%) in the hypertrophied plantafis ﬁas not found to be
bigher than in the control muscle, even at tﬁe early times
(?-S'days) post—surge:y.(Table 2). However, this does not
eliminate the poséibility_of aISurgiéally induced edema of

o -
the hypertrophied muscle ‘since.the perfusion procedure

s .
would tend to mask the difference in water content between
hypertrophied and c&ntrol muscle. Additionally, the sham
operation performed on the contralateral limb was extensiée

enough to have. possibly resulted in some edema in the

contol muscle.

-

There was no signifibant difference between the hyper-
trophied and control antaris in terms of total muscle

' tissue protein or nyosi ‘yields'in any group (Table 2).

Fy

13



14

Table 1. Time course for changes in mpscie wet weight.of
control vs hypgrtrophied rat plantaris muscle °
(2-150 days postmyectomy).

Days Control Hypertrophied
Postsurgery Body Wt. Plantaris Wt. Plantaris Wt. Diff,
_ (g) (mg) - (mg) (%)
2 (7) 7 241 . 242 *268 11
‘x4 £5° +10 _ +4
5 (49 259 264 *346 33
: +15 +19 - +13 £10
15 (6) . 308 - 330 **433 33
+24 +30 : +28 - £7
30 (6) 258 275 *x*%471] 50
- +13 +15 +3
50 (7) 398 381 *%%759 104
£10 £21 | +38 +11
150 (9) 548 452 . ®%%Q42 111

x19 *18. +£353 +13

Data are expressed as means * SEM.

Numbers in parentheses are number of animals per group.

Control vs hypertrophied muscle are statistically signifi-
cant at: * p<0.05; ** p<0.01; *** p<0. 001.
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Tabléfz. Somelcharagteriétics of control and hypertrophied
’ rat ‘plantaris mugcles'(z-lso days postmyectomy).

Days’ — .% Water - Total Tissue Protein Myosin
Postsurgery . ) (mgitg wet wt,) (mg/g wet wt.)
2 (6) CP- 80.02 +1.06 - 114.87 £5.59 22.23 £1.44
o HP 79.35 £0.42 104.37 +4.10.- "' 20.90 #£1.25
T 5 (4) CP ' 82.25 %1.27 110.03 x4.09 16.46 i0.75
i HP 83.23°£1.25 97.74 £3.90 14.12 £0.58
15 (6) CP 79;42 *1,26 107.42 £5.38 20.43 £1.70
HP 81.16 +0.70 -105.13 +3.26 15.66 +0.94
30 (6) CP 77.22 +£1.33 - 172.15 %9.83 - . 28.24 £1.89
HP 76.80 £1.43 - 172,30 +£10.04 23.01 £]1.84
50 (5) CP 80.14 %1.04 114.12 £7.13 20.47 +0.67
. HP 77.00 %1.50 101.39 +4.52 18.75 *0.86
150 (4) CP  74.17 #1.92 .  128.08 £7.20 20.91 1.65
HP 76.48 %1.16 124.95 £1.00 20.63 +1.19

Data are expressed as means + SEM.

Numbers in parentheses are number of animals per group.
CP, control plantaris; HP, hypertrophied plantaris. -
T »
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Characterization of the Perfusion System

To establish the metabolic stability of the hindlimb
perfusion éystem, a preliminary investigation was
conducted. Our obs%fvations indicate that lactate
produced by the hindiimb preparation decreased after the
initial anoxia caused by the surgical procedure and
.remained at a relatively low level throughout the perfﬁsion
period (Fig. 1). Thié is consistent ﬁith previous
experiments employing similar éurgical and perfusioﬁ
procedures (Burton, 1978). Further, the results in Table 3
demonstrate that the glyvcogen content and the percent water
in the periused{muscle were quite similar to those found in
normal controls. The finﬁings suggest that the hindlimb
preparation was metabolically stable. Incorporﬁtion of
{3 H]phenylalanine into total muscle pr%tein was . found to
increase proportionately to the perfusioh time over a 60
min period (Fig. 2). As a gufficient amount of
radioactivity in muscle protéin could be detecteq %t 60
ﬁin, this point was selected as the perfusion duration i@s
subsequent experiments. ‘

Finally, in order to estimate’ the intracellular availa-
bility of [ 3H]phenylalanine in reiation to the duration of
“the perfusion period, the radioacfiyity of the TCA soluble
fraﬁtion of muscie tissye was examined at various times
'during perfusion. .The results inﬂTable 4 suggest that the

N
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Lactate production during perfusion.

Rats (n=6) were perfused with Krebs-lenseleit
buffer for G0 min. At 0, 15, 30, 45, and 60

min, perfusate sample coming out of the hind- =~

1imb was collected. Perfusate lactate content
was quantified by the method of Pryce (1969).
Data are expressed as means * SEM,
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Table 3. Glycogen and water content in normzl and perfused
rat plantaris muscle.

. - Glycogen
Condition % Water .
' mg/g wet wt. mg/g dry wt.
Control 75.32 4,04 ' 16.44
(N=6) .+ 0.78 . - £ 0.55 + 2.60
Perfused 77.52 3.35 14.97

(N=6) = 0.43 + 0.16 * 0.95

Data are expressed as means + SEM,

-~



Fig., 2.

600

300

200

100

(HIPHE INCORPORATION (dpm-mg protein-')
[¥%)
S

d L ] i

15 30 . 43 60
PERFUSION TIME (MIN)

Incorporation of [3!lphenylalanine into total
muscle protein during perfusion.

Rats were perfused for 15, 30, and 60 min with
[ 3 Jphenylalanine buffer. Radioactivity was
determined as described in "Materials and
Methods™. Fach point represents the mean and
SEFM of 4-5 perfusions.
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Perfusion Time

Data are expressed as means * SEM. .
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TCA Soluble Radiocactivity
(dpm/mg total muscle protein)

1811

+ 340

2519
= 557

2380
x 231

The effect of perfusion duration on TCA soluble
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F .
intracellular space for phenylalanine equilibrated early

—\r’
and reéemained stable after 30 min of perfusion.

[BH]phenylalanine Incorporation in Muscle Undergoing

Compensatory Hypertrophy

The rate of LBprhenylalanine incorporation into .total
muscle protein, when expressed as. dpm/mg protein/hr perfusion
was found to be elevated (p < 0.053) in tﬁe hypertrophied
plantaris at 2, 5, and 15 days post—suf ry (Fig. 3). The
difference between hypertrophied and control muscles was no
longer present by 30 days post-surgery and thereafter.

The incorporation of [3H]phenyla1anine into myosin
(dpm/mg myosin/hr perfuéion) was not stimulated inlthe
hypertrophied plagtaris until 15 days post-ablation
(p=<0.05) and then returned to control levels by 30 days

post-surgery (Fig. 4).

Specific Radioactivity of, Free Phenylalanine

gTb make a valid estimate of protein synthesis based
oﬁ‘éhe incorporation of a radioacéively labeled amino acid,g
the intracellular availability of the amino acid precursor
should be known. In the present study, the specific
radiocactivity of [SHjmhenylalanine in muscle was determined
to estimate the specific activity of'the phenylalanine

precursor pool.



. C CONTROL
500 ¢ é HYPERTROPHIED

5 Z * P«¢0.05 -
T .
@ c - ;
ol f
& 3 7
zs 400 lé E ]
z€ Z 7
w E % ,g
=5 . 7
a®d ég é
T Z
< 2007 7 Z

é

7

| E% E%
Z
o LZ Z <y
2 5 15 50 ‘
+ - TIME POST-ABLATION (DAYS)
Fig. 3. .Incorporation of [3i]phenylalanine into total

tissue protein of control and hypertrophied
rat plantaris muscle.

Values for each group represent means = SIM of

4-6 rats.
;



L
\-—/
N
V\\
O CONTROL
=z
O -
g? 300} HYPERTROPHIED
[ .
8’@ l ¢ P¢0.05
=
S E Z
2?200- 7 .
& 100} % Z |
? % | @
0 2 5 15 30 S0
TIME POST-ABLATION (DAYS)
A
Fig. 4. Incorporation of [3H]pheny1a1anine into mvosin

protein of control and hyvpertronphied rat plan-
taris muscle. '

Values for eachréroup represent means = STM of
4-6 rats.



24

Fig. 5 demonstrates that the free phenylalanine specific
activity, as expressed in dpm/nmole- phenylalanine was sig-
nificantly higher (p <« 0.05) in the hypertfophied than in_
the control plantaris at 2 days post-surgery, but lower by
50 days (p < 0.05). Further, a trend that the specific

activity of-free phenylalanine in both legs declined with

the labeled phenylalanine.

The Rate of Protein Synthesis in Muscle Undergoing
hi

Compensatory Hypertrophy

The rate of protein synthesis was estimated employing
the specific activi&y of phenylalanine in the muscle. The
total mﬁsclé tissue protein synthesis as expressed in -
nmole phenylalanine incorporated/mg protein/hr perfusion,
was found to be enhanced (p < 0.05) in the hypertrophied
plantaris at both the 15 and 50 day intervals (Fig. 6).
Similarly, myosin protein synthesis (Fig. 7) was signifi-
cantly elevated in the hypertophied muscle at'15 days post-
surgery (p < 0.05). When the rate of protein synthesls was
corrected for the specific activity of the phenylalanine

pool, the early hypertrophic response was no longer observed.
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Fiber Distribution in Muscle Undergoing Compensatory .

Hypertrophy

The hypertrophied plantafis muscle exhibited a large
increaee in its percentage of histochemically determined ‘
alkaline-labile (SO) fiﬁers as compared to its cdntralateral
control. As Table's indicates, the higfochemical chenge
was not evident until 30 days po.st—sv.gery.- At this time,
the percent of alkaline labile fibers increased from 11%
of the total number in the .control plantaris to 21% inifhe
hypertrophied muscle (p < 0.05). The percentage of SO fibers
in the hypertrophied plantaris stabilized thereafter at
25% (p <'0.01) and 24% (p < 0.001) by S0 days and 150 days

" post-surgery respectively.

Change in Myosin Light Chain Composition in .Muscle Under-
S ¢ .

going Compensatory Hypertrophy-

« Electrophoretic analysis of the myosin light chain
composition of the hypeftrophied plantaris muscle demon-
strated an increase in the slow myosin iight chain 1 (LCsi)
component at 30 and 50 days post-sufgery (Fig. 8). Slow
myosin light chain 2 (LCsé) in the plantaris muscle was too
weak to be detected iﬁ the SDS gel. Integrative analysis
of SDS gels scans (Table é)'ehow that by 30 days post-
Surgery, the percentage of LCsl increased (p < 0.01) from

__5.0% in contfol‘to 9.7% in the hypertrophied plantaris

~
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Table 5. Percent of alkaline-labile (SC) fibers in plan-

taris muscle undergoing compehnsatory hypertrophy.

Days *  Alkaline Labile 'Fibers (%)

Postsurgery Control °  Hypertrophied
2 (5) 10.45 £0.63 12.07 #1.12

5 (5) 8.43 %1.53 9.83 £1.08

15 (4) * 10.16 +0.62 15.36 +2.92

30 (4) 11.41 #1.97 *21.25 *0.65

50 (5) '11.33 #0.30 *%25,29 +1.33
150 (5) 10.53 +0.63  **%24.25 £1.19

“

Values are means + SEM,

Numbers in parentheses are number of animals per group.

Control vs hypertrophied muscle are statistically signifi-
.cant at: ¥ p<0.05; ** p<0.0l; *** p<0.001.



.Densitometric scans of SDS polyacrylamide gels from

the electrophoresis of myosin protein from control
and hypertrophied rat plantaris muscle.

Samples (80 ul) containing 100 ug of myosin were
separated on a 3% stacking gel and 10% running gel
using the method of Laemmli (1970). Densitometry
of the Coomassie Brilliant Blue R-250-stained gels
was performed on a Gilford 2520 gel. scanner.
Sources were: A, control plantaris; B,
hypertrophied plantaris, 50 days postsurgery.
Abbreviations used: - HC, heavy chain; LCsl, slow
1ight chain 1; LCfl, fast light chain 1; LS@?, fast
light chain 2; LCf3, fast light c¢hain 3.

L
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Table 6. Myosin light composition in plantaris muscle
_ ndergoing compensatory hypertrophy.

Days Myosin Light Chain Components (%)
Postsurgery LCsl LCf) LCf2 . LC13

30 CP 5.0 1.4 42.9 £1.6 26.6 x£1.8 25.6 x1.4
(N=6) HP =**9.7 x1.4 **37.2 £0.9 . 24.8 %1.6 28.2 20.4

50 cp 3.3 0.6 43.1 %1.9 24.2 3.3 29.7 £1.3
(N=5) HP *§.6 %1.7 39.8 2.0 20.9 £3.3 30.8 £1.0

Data are expressed as means # SEM,

CP, control plantaris; HP, hypertrophied plantaris.

Control vs hypertrophied muscle are statistically signifi-
cant agé-* p=<0.05; ** p <0.01.
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of the total light chain.protein tent. / Similar dif-
ferences (p < 0.05) were found At the 50 day interval. In
addition, at 30 days post-surgery, the percentage of fast
myosin light. chain 1 (LC?I) was found to be significantly

decreased (p < 0.01) in hypertrophied plantaris.

Myosin ATPase Activity in Muscle Undergoing Compensatory

Hypertrophy

As presented in Table 7, the only significant difference

(p<0.05) in Ca*-activated ATPase activity was observed «at

30 days post-surgery (pH ). ' There was an 8.5% decline
i AT activi om 1.06 umol/ﬁg/min in control muscle
to 0.97 umol/mg/min in hypertrophied plantaris‘at this time.

-~
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Table 7. Myosin ATPase activity of plantaris muscle
undergoing compensatory hypertrophy.

-

Days CQ*: Mvosin ATPase Acé&vity

Postsurgery . (umoles Pi/mg myosin/min at 25°C)
. pH 7.0 - 'pH 9.8

2 (11) CP 0.22 £0.01 1.25 £0.06

HP 0.23 £0.02 1.21 #0.07

5 (3) CP 0.34 £0.02 1.5 +0.07

- HP 0.33 x0.07 1.31 £0.25

15 (10) CP 0.21 £0.01 1.16 20.07

HP 0.22 £0.02 1.17 £0.04

30 (11) CP 0.28 x0.02 1.06 £0.04

HP . 0.28 £0.02 *(Q).97 £0.04

50 (11 Cp 0.23 20.01 1.22 £0.12

HP 0.23 £0.01 1.15 £0.11

150 (4) cp 0.30 £0.01 0.77 x0.086

HP 10.30 %0.02 0.78 +0.13

¢

Data are expressed as means * SEM.

Number in parentheses are number of animals per group.

CP, control plantaris; HP, hypertrophied plantaris.

Control vs hypertrophied muscle are statistically signifi-
cant at: * p<0.03 : :



DISCUSSION

.Thé animal ﬁodel empioyed.in»this study demonstrated a
large and suétained muscular hypertrophy. The increase in
muscle wet weight ranged from 11% at 2 days to ilo% at 150
days post-surgery. A point of stable enlargement was
reached between 30-50 days post-surgery with little |
additional change thereafter.. This finding is consistent
with previous investigations which have employed éimilar
surgical procedures (Hubbard et al., 1975; Ianuzzq and
Chen, 1979).

The increase in muscle mass during hypertrophy is
thought to be related to an adabtive chénge in muscle
protein turnover, since over 80% of the dry weight of
muscle ié protein. In the present study, a rat hindlimb
preparation was perfused with fadioactiVely labeled
phenylalanine to investiéate the time course and lopali-
zation of protein synthesis in plantar;s muscle under-
"going compensatory hypertrophy. A preliminary experiment
demonstrated the reliability of the perfusion system and the
rat hindlimb preparation.

Employing a tenotomy model, Goldberg (1975) has shown
that tﬁe'hypertrophied'plantaris and soleus demonstrated
a more rapid protein incorporat%aff%i‘radioactive amino
acid than did the control muscle as early as 8 hr after

3g
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.tenotomy. This process continued for the next 6 days
(Goldberg, 19569). Additionally, Hamosh et al. (1967)
reported that celi—free éxtracts, taken from musclé 4 Aays
after teﬁdtomy of its synergist, showed an increased rate
of amino acid incorporation. .In the present study, the
:early phase (2, 5, and 15 days post-surgery) of compensatory
hypertrophy was €ound to be accompanied by an increased
incorporation of [3H]pheny1a1anine into total muscle tissue
proteiq when expressed as dpm per mg protein. This result
seemed fo be/pdﬁﬁhn&blé to those of previous reports. |

- Howe er; enhanced incorporation of labeled amino acid
igto protein does not necessarily indiéate greater in vivo
propein synthesis. Changes in muscle size, muscle
perfusate flow rate and, particularly, the specific
activity of intracellular amino acid pools can lead to a
éreater incorporation of radioactivity without any change
in the rate of protein synthesis. Such complications are
of concern in the present study since the size of
hypertrophied muscle is differenf from the control, and the
surgical procedure might affect blood or.pérfusate flow
rate to the muscles. Therefore, to make a valiG’;stimate.
of protein synthesis rate, the information of the amino )
acid precursor pool size 1s essential.

The specific activity of transfer RNA-bound amino acia,

has been used as representative of the immediate precursor



for protein synthesis (Henshaw‘et al., 1971; Martin et al.,
1977). However, the procedure to isolate tRNA requifesra
tremendous amount of muscle tissue which is not practical
in this experiment. Since the ﬁurpose of this experiment
was to examine the relative changé.(COmpared with the
con;ralateral gontrol) in the rate of protein°synthesis, it
was not necessary to determine the absolute protein
synthetic rﬁte. Therefore, we employed fhe specific
acti#ity_éf [3H]pheny1a1anine in muscle as an alternate
estimate of the specific a;tivity of the phenylalanine
precursor pool. It is noteworthy that mofe recent data
suggest that, for most amino acids, the precursor pool
specific actiﬁity lies somewhere between the intra- and
ext?gcellular pool specific éctivities (Vidrich et al.,
1977; Robertson and wnéatley;_1979; O'Hara et al., 1981),
and thu;'our estimate (using the free phenylalanine
specificlactivity) probably overestihates the true préteiﬁ :
synthetic rate.

‘Using a perfused rgé hindlimb preparafion, Jefferson et
al. (1977) and Dohm et al. (1980) /reported protein synthesis
rates of 84 and 72 nmol/hr per g of muscle respectively.

" 1f we express our results for eontrol muscle” in compa}able
units, fhey are similar (approximately 100 nmol/hr per g of )

muscle).

Although published, data (Hamosh et al., 1967; Goldberg,

o
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1969, 1975) suggest that protein synthesis is enhanced
immediately after surgefy, our corrected results for total
muséle protein synthesis indicate that this/is not thetz'
case. In the hyperf?Bpﬁfggh;IEEZins, the total musFle-
protein synthesis raté, expressed/ﬁs nmol phenylalanine
incorporated per mg protein per hr perfusipn time,:was not
significantly higher than the control until 15 days
post-surgery. However, the muscle mass started to incfeaée
immediately after the functional overload was induced by
surgery. Therefore, the only speculation that can be made
iélthat ip the early phase, the muscular hypertrophy can be
accounted for by .a de;reased rate of protein degradation.
This hypotheéis is made because any change in muscle mass
is thought tp be due to the imbalance of protein synthesis
aﬁd protein degradation. COnsisteht with this speculation
is the lgwer phehylalanihe concentrition in the |
hypertropqied ﬁlantaris muscle at the'early intervals
posf—suréer&l Further, as the rate of muscle growth
declines at 30 days post-ablation and beyond, a gradual
return to a normal rate of protein degradation may occur 2s
suggested'by the.enhanced free phenylalaniné‘concentratibn
in the hypertrophied muscle during th;s period. Goldberg
(1969) has reported the decl;ne of protein catabolism in

hypertrophied muscle 5 days afte enotomy.

Since the muécular compensatory adaptation would
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ultimately lead to an increase in the muscle's capacity to
generate tension, the adaptation occuring in the contractile
_ proteins wéuld ﬁe more meaningful than the general change in
the total tissué protein. The present study showed that

the synthesis rate oflmyosin, one of the primary

contractile proteims—in muscle, was stimulated at‘ls days
'post—surger} and then returned to the control level by 30
daysi - These results céu indicate that the total muscle
tissue protein synthesis and_synthesis of theOCOntractile
filament, myosin, respdnd to a functional overload with a
similar time course. '

To inferpret the significance of the increase of
contractile protein synthesis and to trace the fate of
newly synthesized contractile elements, the possible his-
tochemical adapfatious in the muécle undergoing
compensatory hypertrophy have to beICOnESdered{ It has
beeﬁ documented that the histochemical profile of skeletal
mpscle can be changed by funcgiongl overload (Baldwin et
al., 1972; Gonyea and Bonde—Petefson, 1978; Ianuzzo et al.,
1981). 1In the presenf study, cross-sections of the rat
plantaris, a muscle with more than 90% of its fiber
population being fast-twitch (Ariano et al., 1973), were
stained for myofibrillar ATPase following an alkaline pre-
incubatibn at pH 10.3 to examine the histochemical adapta-

tion and its time course during hypertrophy. At 30 days
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post-surgery, the hypértrophied plantaris exbibited 2
significant increase in its percentage of pistochemically
determined alkaline-labile (SQ) fibers (about -25%) as
compared to its contralateral control (approximately .
9-11%) and with little further change thereafter. This
observation i5 consistent with previously reported
investigations (Guth and Yellin, 1971; Ianuzzo‘et al.,

1981).

-

*
In line with the histochemical observation, e%éctro—

phoretic analysis of Ehe myosin lighf chain composition

of the hypertrophying muscle demonstrated an increase in
the myosin slow light chain component (LCsl) which followed
a similar time course to the histocﬁemical changes.
Interestingly, at’ the 30 day time one of the myosin:fast
light chain component (LCfl) was found to be decreased when
compared to thé controi muscle.

The increased percentage of alkaline-labile fibers
and the chapge in the myosin light chain composition suggest
that the contractile proteins in the plantaris muscle can
adapt to éhronic stimulation and become more like slow-
twitch muscle fibers. The signicance of this adaptation
is, as suggested by Awan and Goldspink (1970), the greater
energetic e?ficiency'of SZQ;EEWitCh fibers in maintaining
isometric tension.

With this in mind, the ultimate effect of a change in
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myosin phenotype should be an alteration in the myosin ATPase
‘activity of the muscle, as this parameter is intimately re-
.laped to the contractile characteristics qf a muscle. In
fact{ in the present study, the Cd’—acfivated myoéin E&Pase
acti&ity was found to decline (at pH 9.8) in the hypertro-

phied plantaris at 30 days post-surgery. v

Collectively, the biochemical and hi chemical

observations from thislétudy gest that:tﬂe muscular
"adaptive remodelling process was stimulatéd between 15 and
30 days after the musclezwas overloaded. Byfls days,
contractile protein synthesis was enhanced and
histochemical staining of the muscle with myofibrillar
AT%gse showed a slight increase ‘in the percent of slow fibers.-
This remodelling process appeared stable prior to 30 days
post-surgery when the myosin prbtein synthesis rate ‘
returned to normal. At this-point, the percentage of
histochemically determined slow fibers was significantly
higher than in the control muscle and had réached a plateau.
Concomitantly, the ATPase activity of isolated myosin was
depressed and the compositional analysié of myosin showed a
shift from a predominate "fast“*Iighp chain type to a '"slow"
one.

Together with the histochemical and enzy@atic obser-

vations, these data suggest that a transformation from fast

to slow muscle fibers may occur during compensatory hyper-
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trophy though thisiis not conclusive. Our obsérvations -
strongly suggest that\fggzﬁremodelling process was well
established in less-tgan 30 days},\This coincides well with
the postulated half-life of tissuejprqfein (25 days).

Although the observed decrease in myosin ATPase activity
was-consistent with the change in the histochem%cal
observation and expected electroﬁhoret%ﬁ;prdffle of the
hypertog?ied muscle,  this enzymatic activity was not
depressed to the extent that would have been énticipated on
the basis of the.appgrent myosin compositional change. Recently,
several investigators (Wagpner and Weeds, 1977; Wagner and
Giniger, 1981) have suggested that Ca*—éctivated myosin
ATPase activity may primarily reflect the phenotygé of the
ﬁyosin heav§ chain.‘ Therefore, we can only speculaté, that
the 1a§k of coincidence between the apparent compositional
changes and the Cat-activated myosin ATPase activity
indicates that the histochemical adaptat;on in muscle
induced by compensatory overload mainly reflects the .
change in myosin light chain cgmponents and this ché;;e is
sufficient to allow the muscle to meet the incfeased
functional demand. fﬁb myosin heavy chain component may
Géot be altered seriouslg as indicated by the slight
idepression‘in myosin ATPasg activity. This qu;ulation is
also supported by the lack of agreement concerniﬁg.the

alteration in contractile properties of hypertrophied
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muscle (Jablecki and Kaufman, 19735 Binkhorst and van't
Hof, 1973). Hence, as noted earlier, since myosin ATPase
activity and muscle contractile characteristics are ciosely
correli%ed, the inabilitz};o clearly observe a depressed
contractile ﬁctivity in hypertrdphied muscle reinforces our
observation of minimal change in myosin ATPase activity.
The observations mentioned above and the fact that myosin.

synthesis was enhanced ;t 15 da&s post—-surgery with similar

myosin yields in control and hypertrophied muscles coupled
with a compositional change in LCsl stréngly suggest #
selective synthesis in the myosin molecule during the
adaptative growth. This finding is interesting because
most previous models employed to alter myosin profile in
skeletal muscle such as cross—inervation (Biariny and Close,
1971; Hoh et al.,1980) and electrical stimulation (Saimons
and Sréter, -1976)<have resulted in ﬁ co-ordinate expression
of thé total myosin molecule. Our observation suggests
that possibly a complete alteration of myosiﬁ molecule is
not necessafy for adapfation to a functional overlosad.
Further, as our model involves no/ﬂirect manipulation of
motor neuron, it may represent a more physiologic
assessment of the muscle's. adaptive process.

In summary, this stu demonstrates that in respoanse

' to functional overload, rat plantaris muscle responds by

both an increase in muscle size and a change in fiber
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'composition. The early h?fertrophic response of muscle may
be due to a decreased protein degradation. By 15 days
'post—surgeré, increased total protein and mygsin prétgin
synthesis are detectable. - This muscle remodelling process
is well establlshed by 30 days. At this point an
1ncreased percentage of alkaline—labile fibers a reduced
myosin ATPase activity and 2 shift towards a slow myosin
light chain pattern are obéerved. These observations
collectively suggest. a transtofmatignrof aAfast muscle
fiber to slow fiber possibly in an ef}ort to achieve
energetic efficiency. -The findings from the;ﬁresent study
could indicate th&f‘mYOSin gene expreésion can be altéred\\
by a chronic ;pnctional overload favoring“synihesis of the|
slow myosin type. In light of the minor adjﬁstment in
Ca“—activated myosid ATPase Qﬁﬁivity howevef, some reserva-

tions regarding the completeness of the transformation must

)

be retained.

“ .
B
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Perfusion Buffer

Buffer:
Salt % Molarity mls used
(g/100 ml)

NaCl* 0.9 0.154 1000
KC1l 1.15 0.154 40
CaCl,-2H50 1.22 0.110 36
KHoPU 4 2.11 0.154 10
MgS0 ,.7H20 3.82 0.154 10
Nag.EDTA 2H20 3.72 0.100 pH 7.4 6
NalCOa* 1.30 0.154 210

o ————— A ———— ——— Ty T o o T o L LA S S NS M S e e e e

* Made fresh.

1. To 1000 ml NaCl add ECl, CaClg, KiizPO4, MgSO4 and EDTA.
2. Add the following to the buffer, dissolve and gas with
95% 02:5% COz
2. 3.94 g Glucose for 300 mg/100 ml (15 mM in perfusate).
b. One times normal plasma levels of amino acids.
9.84 ml of 200x amino acids without tyrosine (see
below), 29.7 mg tyrosipme. For 5x phenylalanine add
69 mg.
3. Add NaHCOg3.
4. Add insulin 25 mU/ml. (0.328 cc for 1 stock volume).
5. Gas buffer for 10 min with 95% 02:5% COs.

Amino acid mixture (200 x):

Amino Acid Plasma Level MW mg/200 ml
(mi)
Asp .0380 133.10 202
Thr .2697 119.12 1286
Ser .2434 105.08 1024
Asn.H0 .0626 150.10 376
Glrp .6666 146.15 : 3897
Pro .1858 115.13 856
Glu .0757 147.13 445
Gly .4080 75.07 1226
Ala . .4705 88.08 1676
Val .1732 117.15 812
Cys .0380 121.16 184
Met .0465 149.21 278
Ile .0905 131.17 474
Leu .1607 131.17 844

Phe .0538 165.18 356

Ao
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Lys HC1 .4181 . 182.69 3056
His .0633 155.16 392
Arg .1322 174.20 922
Trp © .0690 204.22 564
. Tyr ~ .0833 181.19 -

————— " ——— —— T————— - —

Weigh out amipo acids intc a beaker.

Dissolve in approximately 80% of the total volume of
0.9% NaCl.

Adjust pH to 7.4 with 1N NaOH.

Make the final volume 200 ml with 0.9% NaCl.

. Freeze convenient size aliquots.

Batches of amino acids may be weighed out and stored
dry in the beaker.
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Perfusate Lactate Determination

Stock solutions

A. Precipitating reagent. Dissolve 5 g sodium tungstate
(NagW04.2H20) in 400 ' ml H20. Add 11 ml 90% analy-
tical-reagent grade orthophosphoric acid (H3PO4),
followed by 2.18 g copper sulfate (CuS04-5H50). Make
up to 500 ml with H90. (This solution is stable for
a few months in a brown bottle a2t room temperature.)

B. Colour reagent. Dissolve 1.5 g p-hydroxy-biphenyl in
100 ml Ho0. (Store in a brown.bottle at room tempera-
ture.)

C. Sulfuric acid. Analytical-reagent grade.

Standard

Dissolve 42.6 mg of lithium lactic acid (Sigma) in 5 ml
H20, followed by 0.1 ml sulfuric acid. Bring to 100 ml
with H90. (Brown bottle, 0-4°C.)

Procedure

1) To make lactate standard:
Blank 20 mg% 40 mgh 60 mg% 80 mgd

S — — T T ks g e S —— —————— — ——— T . S . T ——— — v —

LA standard (ul) O 25 50 75 100
H20 (ul) 100 75 50 . 25 0
Solution A (ml) 3.9 3.9 3.9 3.9 3.9

T — — . - —————————————— — i, T by . e

2) Remove 50 ul from perfusate sample, add 50 ul H20 and
3.9 ml solution A.

3) Mix thoroughly.
4) Centrifuge at 2,000 rpm for 5 min.
5) Transfer 1 ml of the sample supernate to another tube..

6) Add 6 ml HoSO4 RAPIDLY. Allow to stand for 1-2 min
and then mix with a vortex mixer.

7) Cool in cold tap water.

8) Add 100 ul colour reagent (solution B) and vortex
immediately. Allow to stand for 10 min.



9) Boil the tubes for 90 sec and cool in cold tap water.

10) Read 0.D. at 565 nm.
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Muscle Glycogen Determination

Stock solutions
A. 30% KOH saturated with Na,S0
Dissolve 30 g KOH in 100 ml 320.: Add NapS04 to
Saturate point.

B. 95% Ethanol
Use from stock.

C. 5% Phenol
Dissolve 5 g phenol in 100 ml H,O.

D. 95-98% Sulfuric acid -
Use from stock.

Standard
Glycogen 1 mg/l ml H,O.
Glycogen extraction procedure

1) Put a piece of muscle tissue (approximately 100 mg)
in 1 ml solution A.

2) Stopper each tube and boil the tubes in a water bath
for 30 min.

3) Cool in ice or cold tap water.
4) Add 1.2 ml 95%'ethanol and.mix with a vortex mixer.

5) Store the tubes on ice for 60 min or in refrigerator
overnight.

6) Centrifuge 20 min at 3,000-5,000 rpm and aspirate the
supernatant. /#

7) Dissolve sediment with 5 ml HoD (Vortex).
Glycdogen quantification procedure

1) Make standard by using samples of 20, 40 60, and 80
ug of glycogen standard.

2) Remove 0.25 ml from muscle glycogen samplé.

s
?

3) Make each sample up to l.gfml volume with H0.

™
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6)

7)

8)

9)
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Make blank with 1.0 ml H20. . *
Add 1.0 ml 5% phenol (solution C).

Add 5 ml 95-98% sulfuric acid RAPIDLY directing the )
stream against the surface of the solution.

Allow to stand 10 min.

Shake with a vortex mixer and put the tubes in a
25-30°C water bath for 10-20 min.

Read 0.D. at 490 nm.

K
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Hyosin-Isolatidn

Y

Stock solutlons

A,

- -

40 mM KC1 in 50 mM Tris, ph 7 0

" 3.06 g Tham brought to 1000 nl™with H20. Adaust ph

to 7.0 2.98 g KC1 brought to 1000 ml with Tris’
solution. Check pH

0.05 M KC1
0.01 M KHPO,
pH 7.0

. Digsolwe 1.36 g KHpPOw into 1 1 HpO. Dissolve 1.74 g

E-HPO4 into 1 1 HpO.  Add one solution to ancther
while checking pHE to get pH = 7.0, 3.73 g KC1 brought.
to 1 1 with KHPO4 solution. Recheck pH.

0.65M KC1 . - -

0 01 M KHPO4
(v/v) Trlton X—lOO

_pH 7.0 o - .

Make KHPO4 solutron as for sol. B. Dissolve 3.73 g

KC1 into 800 ml KHPO4 solution. Add 10 ml Triton

'X-100. Bring to 1 1 with KHPOgsolution. Recheck pH.

-

T -

047 M KC1 -~ | ' .
0.01 M KHPO4 .
0.02 M - ' .

. K4P207
pH 6.8 2
Make 1 1 KHoPOg atd 1 1 KoHPO; as for sol. B. Mix up
to get KHPO4 solution, pH 6.8. 35.04 g KCl1 aznd 6.6 g
K4 P07 brought to k llwith KHPO,; solution. Rechbeck pH.

0.47 M KC1 :
0.01 M KHPO4 :
0.02 M K4 P07 , : s
0.05 M MgClo .
pH 6.8
204 mg MgClp brought to 200 ml with sol. D\ Make
\iresh daily.
\Q\
10 mM EDTA '
Saturated (NH4q)2SO4

‘' 0,39 g EDTA and more than 51.84 g (NH4)9804 (3.9 M J

saﬁhrated) brought to 100 ml with H20 in a ice bath.

0.6 M EC1 in 0.05 .M Tris
3.03 g Tham brought to 500 ml with HpO. 22.36 g KC1
brought to 500 ml with Tris buffer., .

-



H.

58

Dialysis buffer

-1 mM EDTA
' 10 mM KCl1

1 mM Tris |
0.05 mM DTT
pH 7.2

_Dissolve 1.11 g EDTA, 2.25 g KC1, 0.36.g Tham and

22.1 mg dl—dlthiothreltol into 800 ml SINGLE distilled
H20. Adjust pH to 7.2. Bring to 3 1 with single dis-
tilled O. :

0.6 Cl
20 mM EDTA ' )
2 mM DTT .

% (v/v) glycerol :
pH 7.0 - 7.2 ' .
4.47 g KCl, 0.74 g EDTA, 31 mg DTT and 30 ml‘glycerol

— brought to 90 ml with H%O Adjust pH to 7 0-7.2.
Bring to 100 ml with H
N _ .
Procedure : . i ®
1) Remove frozen muscle tissue (200-400 mg) from glycerol
and wash ip g small beaker with sol. A by stirring
vigorously with a stirring rod.
2) Dry a piece (20-30 mg) of tissue in oven to determine
. the water content of the muscle. Welgh the remainder.
3) Mince tissue, homogenize in 10 ml sol. B.
4) Take 1 ml mixture and add 1 ml 0.6 M TCA. Precipitate
total tissue protein overnight (0-4°C).
5) Centrifuge the remairning mixture at 2,000 g for
10 min.
*
6) Suspend pellet in 15 ml sol. C, homogenize and walt
for 45 min with occasionally stlrring
7) Centrifuge at 2,000 g for 10 min.
8) Wash pellet with 15 ml sol. B and centrifuge at
2,000 g for 10 min.
. L
9) Repeat 8). 5 ‘
10) Homogengze pellet in 20 ml sol. D and stir for 15 min.

.

: ) —

2t

R eV
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3

11) Centrifuge at. 13,000 g for 30 min.

12) Pour supernatant intp..200 ml ice-cold double dis-
tilled H, O and precipitate overnight.

13) Aspirate clear supernatant and peliét cloudy precipi-
tate by spinning at 13,000 g for 15 min.

14) Dissolve pellet in 18 ml sol. E and-centrifuge in a
ultra—centrifuge at 90,000 g for 1.5 hr.
15) After centrifugation decant off the supernatant fluid
to a centrifuge tube.

16) For the 34% (NH4)»S0, add 9.27 ml sol. F at a rate of
approximately 2 drops/sec. The solution is constantly
stirred with a2 mini-magneiic stirring bar and kept in
an ice bath.

17) Centrifuge at 13,000 g for 10 min.

18) e supernatant is decanted into a centrifuge tube and
5.45 ml sol. F is added to preecipitated the 45%
fraction. Stir for 20 min in an ice bath.

19) Centrifuge at 40,000 g for 30 min.

20) Resuspend myosin pellet with 5 ml sol. G.

21) The myosin solution is dialyzed against 3 1 sol. H
. for 14-18 hr in a cold room.

22) Collect pellet by spining at 40,000 g for 30 min. .

23) Suspend 1/3 of myosin pellet in 1 ml sol. I and
stored at -20°C for myosin ATPase assay. The remain-
ing pellet is dissolved in 3-5 ml sol. G for electro-
.phoresis.

24) -AlT steps are at 0-£ C.’



Stock

A.

B

o T

SDS Polyacrylamide Gel Electropﬁoresis

solutions

38.94% (w/v) acrylamide -
1.06% (w/v) bis-acrylamide

Bring 38.94 g acrylamide and 1.06 g N N'-methylene—.
bis-acrylamide to 100 ml with Ho0.

1.5 M Tris-HC1
pH 8.8 N
Dissolve 18. 17 g Tham into 80 ml H20. Adjust pH to
8.8 with conec. HCl. Bring to 100 ml with H20.
: ~
0.5 M Tris-HC1
pH 6.8
Dissolve 6.06 g Tham into 80 ml HoO0. Adjust ph to 6.8
with conc. HCl. Bring to 100 ml with H20.

% (w/v) SDS
Dlssolve 1 g SDS into 100 ml H50.

0.08% ammonium persulfate
Dissolve 20 mg ammonium persulfate Imtd 25 ml H,0.
Make fresh shortly before use.
2% (w/v) TEMED
Dissolve 0.5 ml TEMED ‘into 25 ml H,O.

N
Dialysis buffer '
0.0625 M Tris-HCl pH 6.8
0.1% SDS
0.1% 2-mercaptoethanol
Dissolve 7.58 g Tham into 800 ml Hp0. Adjust pH to
6.8 with HCl. Add 1 g SDS and 1 ml 2-mercapto-
ethanol. Bring to 1000 ml with HpO.

Running buffer

0.192 M glycine

0.025 M Tris

0.1% SDS

pH 8.3

To make 2x concentrated stock solution, dissolve
3.03 g Tris and 14.41 g glycine into 400 ml HyO.
Adjust pH to 8.3 with HCl. Add 1 g-'SD3 and bring
to 500 ml with HoO. Dilute 1l:1 with HpO immediately
use. : '
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Staining solution ) .
0.25% coomassie brilliant blue R-230

45.4% methanol

9.2% acetic acid

Mix 90.8 ml methanol with 90.8 ml HpO0. Add 18.4 ml
acetic acid. Dissolve 0.5 g coomassie brilliant blue
R~-250 into this solution. Filter through Whatman #1
filter paper.

Destaining solution A

25% (v/v) isopropyl alcohol

10% (v/v) acetic acid

250 ml isopropyl alcohol and 100 ml acetic acid
brought to 1000 ml with H20.

Destaining solution B

10% (v/v) isopropyl alcohol

10% (v/v) acetic acid _ .
100 ml isopropyl alcohol and 100 ml acetic acid
brought to 1000 ml with H5O.

Gel storing solution
7.5% acetic acid '
7.5 ml acetic acid brought to 100 ml with H20.

Preparatiod of gels

10%

1)

2)
3

4)

5)
6)

running gel (Sufficient to make 12 10 cm gels)

Combine the following:

Sol. &4 12 ml

Sol. B 12 ml

Sol. D 4.8 ml

Sol. F 1.2 ml B
Deaerate for 4 hr.

Add 18 ml sol. E while gently shaking the bottle.

Pipet gel solution into eacH gel tube to the 9 cm
mark. T ' ‘

Layer H/ 0 on the {:op of each g'el and cap.

Aliow to polymerize for 1 hr.

3% stacking gel (Sufficient to make 12 1 cm gels)

¥

Ay
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1) Combine the following:
Sol. A 0.9 ml

HpO - 0.9 ml -
Sol. C 2.0 ml . N
Sol. D 0.8 ml

Sel. P 0.4 ml.

2) Deaerate for 4 hr.
3) Add 3 ml sol. E while shaking the bottle gently.
4) BRemove HoO on the top of 10% gel.
5) Layer 3% gel solution on the top of 10% gel.
6) Layer Ho0O on the top of each gel and éap.
7) Allow to polymerize overnight.
Sample preparation

1) Dialyse protéin'samples against dialysis buffer
overanight.

2) Place 100 ug protein ip a small test tube.
3) Add the following:
5 ul 2-mercaptoethanol
2 ul tracking dye
30 ul 50% glycerol.
4) Vortex tubes to get homogeneous solution.
Running eletrophoresis

1) Dilute running buffer 1:1 with HZO.

2) Put gel tubes in chamber. Remove upper and lower
caps. Remove water from the top of each gel,

A .
3) Fill lower and upper compartmenis of chamber with
ruhning buffer.

4) Insert elect}odes from power supply (positive at
bottom end).

5) To‘equilibrate, pre-run at 1.5 mA per gel for 1 hr.

7) Layer sample containing 100 ug of protein on top of
gel with syringe.



8) Eleétrophorese (1.5 mA per gel) until the tracking
" dye reaches the bottom of the gels (Approximately
4-5 br).

Staining and destainiﬁg

1) Remove gels from tubes and put them in staining
- solution overnight.

2) Rinse gels with H50 and place them in déstaiuing
solution A for 8-10 hr.

3) Transfer gels to destaininpg solution B until the gel
background is clearn

»

4) Store gels in 7.5% acetic acid solution.
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Protein Determination

Stock solutions 2% NayCO5 in 0.1N NaOH

1% CuS04'5H50

2% NaK Tartrate (cold)
Solution "C" (Make fresh daily).

0.5 ml 1% CuSQq¢ 'SHoO

0.5 ml 2% NaK Tartrate

50 ml 2% Na2oCO3

Standard Bovine Serum Albumin 1 mg/ml HyO

Procedure

1) Make standard by using samples of 20, 40, 60, and 80
ug of BSA standard.

2) Bring 20-40 ul sample of protein to be determined up
to 0.4 ml volume with 0O.1N NaOQH.

4) Make a blank with 0.4 ml 0.1IN NaOH.
5) Add 2 ml éolution C and let stand 10 min at room temp.

6) Add 0.2 ml of Folin-phénol reagent (Fisher) (dilute-
1:1 with H,0), agitate and wait 30 min at room temp.

7) Read O.D. at 750 nm.
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Deacidification of the TCA Soluble Fraction

Stock solutions
1IN alamine in chloroform
1) Bring 57.5 ml alamine to 100 ml with chloroform.

2) Add an equal volume of 0.01 N NaOH to alamine in 2
separatory-funnel and mix by inversion.

_3) Remove washed alamine (lower phase) and discard NaOH.

4) Repeat 2) and 3). "“\\\

5) Wash alamine with 0.01 N NaCH employing 10-20% more by
volume and discard NaOH.

&) Repeat 5).

7) Repeat 5).

8) Collect washed alamine and filter it through ‘Whatman
#1 filter paper. Store washed alamlne in a2 brown
bottle at room temperature.

Procedure

1) Add washed alamine employing 10% more by volume to the
TCA soluble fraction and mix with a vortex mixer.

2) Check pH of the mixture wi pH test paper (should
be 6.5 - 7.0).

3) Centrifuge at 3,000-5,000 rpm for 10 min.

4) Remove the aqueous phase to a glass vial and dry in
an oven or in a water bath at 50°C.

5) Suspend dried portion in 400 ul 0.3 M TCA. Deter-
mine phenylalanine concentration and radiocactivity.



Phenylalanine Determination

Stock solutions

A.

0.6 M succinic acid, pE 5.88
70.9 g succinic acid
800 ml H20

Adjust pH to 5.88 with 5 N NaCH and dilute to 1 1

_a,ﬁith HoO. Check pH at least once a week.

I.

0.03 M ninhydrin
Dissolwe 1.069 g ninhydrin in 200 ml H20.

0.005 M l-leucylalanine
Dissolve 202.33 mg leucylalanine 1n 200 ml H20.

Buffered ninhydrin peptide soclution
Mix solution A, B, and C by the volume ratio 5:2:1.
Prepare fresh daily.

Buffered ninhydrin solution
Mix solution A, B, and Ho0 by the volume ratio 5:2:1.
Prepare fresh daily. .

NaCO3

NaKC4H40g+4H20

1.325 g Nagp(C03

55.0 mg NaKCgH404.4H20
Bring to 500 ml with H»90,

0.6 mM CuSO4-.5H20
Dissolve 149.8 mg CuSO4.5H20 in 1 1 H20.

Copper, carbonate, tartrate solution
Mix solution F and G by the volume ratio 3:2. Prepare
fresh daily.

0.6 M TCA
Dissolve 98.04 g of trichloroacetic acid ian 1 1 H20.

Standard

10 mg% phenylalanine. Dissolve 4.0 mg 1—pheny1alan1ne
in 40 ml of 7.5% bovine albumin solution

Reference solution

4

20 ppb quinine sulfate dihydrate in 0.1N HoS04
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Dissolve 5 mg quinine sulfate in 500 ml 0.1 N HpSO4 to
make 10 ppm stock. Dilute 10 ul 10 ppm solution to 5 ml
0.1N H,S0gbefore use.

Procedure

1) To 100 ul TCA solution (solution I) im a small tapered
test tube, add 100 ul 7.5% bovine albumin (blank);
50 ul 7.5% BSA plus 50 ul phernylalanine standard
(5 mg®); 100 ul phenylalanine standard (10 mg%); and
100 ul tested sample.

2) Mix thoroughly and allow to stand for 10 min with
occasional mixing.

3) Stopper each tube and centrifuge at 2000 rpm for
10 min. '

4) Transfer 20 ul of the sample supernate to each of two
small test tubes and add 300 ul solution D. The two
tubes provide for duplicate determination.

5) Transfer 20 ul of the sample supernate to a third test
tube and add 300 ul solution E. (This is a check for
fluorescence due to substances other than phenyl-
alanine and may be omitted if interferences are known
to be absent). In the same way, set up the blank and
standard tubes using the appropriate supernate.

€) Stopper the tubes and incubate for 2 hr in a 60°C
water bath. -

7) Cool in cold tap water.
8) Add 5 ml of solution H to each tube and mix.

9) Read fluoresceﬁce in Beckman 772 Ratioc Fluorometer.
Set the phosphor sleeve to 360 mmy .

Calculation
Fs fluorescence of sample

Fb = fluorescence of blank
Fstd = fluorescence of standard

----------- x 5 (or 10)* = mg Phe per 100 ml of sample.

* For use of 10 mg% standard.
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Radiocactivity Defermination

For total protein:
Scintillation cocktail

A. Add 42 ml PPO-POPOP (Amersham) to 1 1 Toluene to
yield a final concentration of 4 g PPO and 50 mg
POPOP per 1liter.

B. Mix 1 1 above solution with 600 m)l Ethylene Glycole
Monomethyl Ether.

Procedure

1) Add 100 ul sample to'3 ml cocktail in a mini-vial,
agitate,

2) Make blank with 100 ul 1N NaCH.

3) Count 10 min at 1% error in Beckman LS 100 liquid
scintillation spectrometer.

A
.~

For TCA soluble fraction and myosin protein:
Scintillation cocktail

A. Dilute PCS (Amersham) with Toluene (PCS:Toluene, 2:1
v/v).

Procedure

-

1) Add 200-400 ul sample to 10 ml cocktail, agitate.

2) Make blank with 200-400 ul 0.3 M TCA (for TCA soluble
fraction) or 0.6 M KCl (for myosin). Y

3) Count 10 min at 1% error in Beckman LS 100 liquid
sciptillation spectrometer. -

x&.
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-

Myofibrillar ATPase Histochemistry

Stock solutions

A. 2% CoCly.6Hp0
10 g CoCl,.6H20 brought to 500 ml with HpO.

B. 1% CaCly-2H20
5 g CaClg.2Ho0 brought to 500 ml with HoO.

«C. 0.18 M CaCls-2H90 -
13.23 g CaClg- 2H20 brought to 500 ml with HpO.

D. 1.0 M o_amino-2-methyl-l-propanol (AMPL)
8.914 g AMPL brought to 100 ml with HoO.

E. Pre-incubation medium for demonstration of acid-
labile, alkali-stable (FT) M-ATPase:

100 mM AMPL
18 mM CaCls- 2H20
pH-= 10.3

10 m1 1.0 M AMPL ;

10 ml 18 mM CaClg- 2H20 -

- 70 ml H2O
Adjust pH to 10.3 with conc. HCl and bring to 100 ml
with H2O0. (This solution is stable for at least 1
week). . .
F. Incubation medium for demonstration of M-ATPase:
100 mM AMPL
18 mM CaClp- 2HsO
50 mM KCl
, 3.08 mM ATP
1) 10 ml 1.0 M AMPL
10 ml 18 mM CaClp.2H20
0.3728 g KC1
70 ml H20 ,
Adjust pH to 9.4 with conc. BEC1l and bring volume -
to 100 ml with H2O.
(This solution is stable for at least 1 week.)
2) Add 0.017 g ATP per 10 ml of solution F (1) and
READJUST pH to 9.4 with dilute acid or base.
(This solution should be prepared shortly before
use.) -

Staining®Procedure

1) Tissue sections can be left fo;fgt least 1 day at room
temperature, and have been left- for up to 2 weeks, on
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occasiogTJGithout having any observable effects on M-
ATPase bistochemistry. Tissue sections need not be
left sittng for any time, before commencing staining
procedure.

2) Pre-incubate in solution E for 10 min at 37°CG.

3) Rinse with HoO 3 times
Soak in HsO for 1 min
Rinse'witg HoO 3 times.

4) Incubate in solutiom F (2) for 30 min at 37°C.
.5) Repeat 3).

6) Incubate in 1% CaClp-2H30 for 3 min at room tempeTa-
ture. - ’

-

7) Repeat 3).

8) Incubate in 2% CoCl,-6H20 for 3 min at room tempera-
ture. :

9) Repeat 3).

L

(]
ak

10) Incubate in (NH4)2§ for 1 min at room temperature.-
11) Repeat 3). '

12) Soak in 80% EtOH for 2 min.

13) Soak in 90% EtOH for 2 min.

14) Soak in 100% EtOH for 2 mip, twice.

15) Soak in xylene for 2 min.

)
16) Mount in permount.



.[’\‘K

Steock

Catf_activated Myosin ATPase Assay ;i

solutions
pPH 7.0 .
Stock Final conc.  To make 50 ml
29 mM KC1l ' 25 mM .1080
70.59 mM histidine’ €0 mM .5840
11.77 mM CaCls-2Ho0 10 mi .0865g
pH 9.8 :
29 nM KCl 25 mM *.1080
88.23 mM glycine 75 mM .2650
11.77 mM CaCls-2H20 + 10 mM .0865¢
ATP solution : :
30 mM Na,ATP (99%)
pH 7.0 S
"11.74 g (NH,)gMo7024"4H0 |
38 ml comc. H2S04
Dilute to 1000 ml with HZO.
10 g FeSO4-7HO0 - . .
- 15 ml IN.HoSOg4 ) .

~Dilute to 100 ml.

F~Mix 500 ml sol. D with 100 ml sol. E.

. G.

-1)

2)

3)
4)

S50

2% SDS in 50 mM Tris, pH 7.2.

N
Procedure .

Place 0.85 ml sol. A (for pH 7 0) or~sol. B (for pH
9.8) in 13 x 100 mm tubes.

Add 50 ul myos1n solution.

Pre—lncubate for 5 min (for pH 7.0) or 7 min (for pH
9.8) at 25°C in' 4 shaklng water bath’. :

Add 100 ul ATP solutlon (sol C) to 1n1t1ate the reac-
tion. o ; .

-

Run the reaction for S min (for pH 7.0) or 3 min (for
pH 9,8) while in 'a 25°C shaking water bath.

-
-

N

”~ [
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6)

8)

9)

72
Terminate-the“réaction with SDS solution (sol. G).
Prepare blank’for each reactlon by addlng sol. A or
sol. B and ATP solution, incubate 5 min then add SDS
solutlon Iollowed by my051n solution.

Add 73" ml sol. F usiing an Oxford plpettor.

Vortex and read O.D. immediately at 720 nm. -

o

. o

S
/j
- // /!
3 e ‘ /
> he ¢ ’
e
/
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Data of Protein Syﬁfhesis

-

[SH]phenyialanine'InCorporation into Total Tissﬁe Protein

(dpm/mg protein)

Days Control Hypertrophied

2 (6) 363 £54 632 185 *

5 (4) . 310 %55 456 +£74 *
15 (86) 329 %81 603 +41 *
30 (6) 361 89 396 %74
50 (6) ' 274 ﬁﬁs 324 77

EaH]phenylalanine Incorporation into Myosin Protein
(dpm/mg myosin)

»

“ Days Control Hypertrophied -
2 (5) Va3g +86 o 24:5%#1
5 (4) 158 £33 f 214432
15 (6) 80 %17 g 173 +26 *
30 (6) ™ .49 = 9 4 23
. 50 (6). 44 = 5 {/24 £12

Specific Activity of Free Phenylalanine on Muscle-
(dpm/ nmol Phe..)

. YA /
Days Control ; Hypertrophied
2 (5) 579 122 -, \/ 830 %169 *
5 (4) 428 + 32 ./ 384 % 94
15 (6) 248 = 49 ‘ ,  372.% 63
30 (6) 166 * 44 3L 238 % 66
50 (6) 220 = 37 ,) 117 % 33 *

&7

P
w2
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Protein Synthesis Rate
(nmol Phe. /mg protein/hr perfusion)

Days Control Hypertrophiled

2 (%) , 0.965 %0.34 1.057 +0.32

5 (3) 0.760 0,15 0.988 +0.19

15 (6) 1.350 x0.22 1.775 x0.22 *
30 (5) 1.804 =*0..21 . 1.997 £0.44
50 (4) 0.935 £0.16 2.339 20,19 =**

-

Myosin Protein Synthesis Rate
(nmol Phe. /mg myosin/hr perfusion)

Days Control " Hypertrophied
2:(3) 0.378 £0.08 0.150 £0.01

S (3) 0.393 £0.07 0.409 £0.07
15 (86) 0.350 %0.06 0.518 +0.10 *
30 (6) 0.355 £0.08 0.341 +£0.10
50 (5) 0.227 £0.06 0.345 x0.88

Data are expressed as means * SEM.
Number in parentheses are number of animals per group.
Control vs hypertrophied muscle are statistically signifi-
cant at: * p< 0.05; ** p < 0,01,
o,

P

-

-
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