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ABSTRACT

The creatine analoque P—gugpidinopropionic acid was
admini;tered to weanling rats as 1% of their diet for
approximately 30 days to estéblish the possible role of fhe
creatine-creatine phosphate system 1n sﬁeletal muscle
contraftich. Total muscle ereatine and creatine ;i:sphate
levels were reduced by B0O% and’?b%. respectively, and ATP
content decreased by 64“762?35 measured from extracts of
trozen EDL muscles.

Fealk isometric twitch tension and the derivative of
tension remain unchanqed by creatine depletion. The only
change in the single brief tetanus is a slowing in the rate

of relaxation.

After 1 secSnd of tetanic stimulation the maximum.rate of
tension deQelopment (+T) of a subﬁequent tetanus 1ncreases by
qsarlv Z20% 1n normal muscle versus a'30% reduction in
depleﬁed muscle. The potentiation lasts minutes while the

depression disappears in seconds.

Twitch tension and thq.derivative of tension following.1
second of tetanic stimulation is almost doubled i1n normal
muscles. Again the potentiation lasts minutes. Depleted
muscles euh1bi£ a b1pha;ic response to this pattern of

stimulation. An early depression of the twitch occurs which




recovers within 1 second and is followed by a small
potentiation.
“
Increasing the degree of activation by delivering
multiple pulses after the 1 second tetanus reduced both the
potentiaf1on in normal muscles and the early depression in

depleted muscles. '

It appears that thevactivatidn and dea:tivat;on steps of
contracticon are altezfd following a 1 second tetanus in
creatine depleted muscles. This 1s likely due to an e;fect of
reduced levels of energy substrates on calcium dynamics. We

are proposing that the creatine-creatine phosphate system

tunctions primarily to buffer changed in the ATF/ADF ratio.

<



1. Historical Backgrou

Since ;ts discover
and Fiske and Subbarow
phosphagen, haé b?en t
ideas have been pq; fo
contraction.\F;ske and
phosphate breakdown 1s
also shown by rMeverhof
this mitigates fatigue
(192%) and Fiske and S
an adenyléte compourd
metabolism in resting

' now called adenosinetr

enerqgetics of all cell

e .

In the following vy
phosphate brealdown wi
compownds. As a resul

elycidated (the Lohman

which is catalyzed by

INTRODUCTION

nd
.'I
Yy in 1927 by both Eggleton and Eggleton
creatine phosphate. then called
he subject of extensive research and many
rward to explain 1ts role 1n muscle
Subbarow (1922%a) observed that creatine
accompanied by a marked 1ncreaée in pH,
And Lohmann (1928), and'propgsed that
by nthrallzan 1actic.ac1d..Lohmann
ubbarow (1929b) independently discovered
which dramatically altered the picture of
and contracting muscles. This substénce;
iphosphate {(ATF), is fundamental for

S.

ear Lundsgaard (1930) {found that creatine
1l not occur in the abéénce ot adenylate
t of his work the following reaction was

n réaction):
CrF + ADF —~ ATF + Cr
the én:yme creatine kinase (Ck).
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During the ensuing years there was caontroversy over the

respective roles of creatine, creatine phosphaté, lactic acid,

:
-

_and ATF in muscle contraction. Because no one was able to show
a change in ATP levels during actigitx, creatine phosphate
seemed to be the direct energy source for muscle contraction,
'however S:ent—Gyérgvi (1945) and Engelhardt and Lvubimova
(19239 had shown that ATF, and_nct CrP, acts upon isolated

actomyosin. It wasn't until 1962 when Cain and Davies used
fluorodini trobenzene (FDNE} to inh1biq the enzyme creatine
Vinase that ATF breakdown during a single contraction was

demonstrated and 1ts role as a primary energy source was

unequivocally established.

Once i1t became cerﬁ??% that creatine phosphate 1s not the
direct energy donor, the hypothesis emerged that 1t functions
as a high energy phosphate reservoir. It was reasoned that ATF
is rapi1dly used during contraction and must be rapidly
reﬁlaced. As ADF is formed it is rephosphorylated by a transter
of phasphate ¥rum creatne phosphate. However, it was not
clear Just how creatine phosphate was regenerated following

this phosphoryl tranmnsfer to ADF.

A mitochondrial bound isozyme of creatine kinase ;hich is’
different trom the cytoplasmi& enzyme was épon reported in rat
skeletal‘musgle, heart and brain (Jacobs et.al., 1964;
Swanson, L?b?) which led to tge tirst suggestion that_créatine

phosphate could functien as a “"carrier" of high energy

[
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phosphate from the mitochondria to the energy utilizing sites.

The mitochondrial creatine kinase could maintain the intra-
cellular concentration of creatine phosphate because it is
located near sites of ATP formation where the local ATF/ADP
ratio would favour the product{cn of credtine phosphate.
Creatine phosphate would then be uiili:ed at the myofibrils to
maintain ATF leveis through the reverse reaction, catalyzed by
the sarcoplasw?c isoztvme, which favours creatine phosphate
ut;lization (Sgansoni 1967). This theory provides a neat answer
to the que5t10j ot creatine phosphate regeneratisn._lt also
requires the existence of a functional subcellular ATF
compartmentation, a hypothesis proposed by Gudbjarnason et

al. (1970) to account for their observation that ischemic dog
heart muscle stopped éonfractlnq when 704 of the creatine
phosphate had been hydrolyvzed vet 80% of the ATF was still

present.

Further support for the enerqgy shuttle theory was provided
by the i1dentification of a myofibrillar creafine kinase isooyme
bound to the M-line of chicken skeletal muscle (Turner et al.,

197%:; Walliman et al., 1977).

Bessman and Fonvo (1964) isolated pigeon breast muscle
mitochondria and varied the levels of creatine and adenine
nucleotides in the media. They found that creatine can exert a
respiratory control in these isolated mitochondria and proposed

that creatine coftld function 1n a feedback regulation of
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respiration in response to muscular activity wﬁich could be
mediated through the shuttle of creatine and creatine
phosphate. fhis suggestion was also proposed by Jacobus and
Lehninger (1973) from their work on rat heart mitochondria.

The observation that creatine phaosphate synthesis is
inhibited by atractyloside {(a nucleotide transport inhibitar)
in respiring 1solated mitochondria (Jacobus and Lehninger,
1973) and the Finetic evideéce for the juxtéposxtion of
mitochond?ial creatine kinase and ATP-AbP translocasé (Saks et
al.; 1974) led to the suggestion that mitcchondrial creatine
Finase 15 coupled to oxidative phosphorylation. Radioactive'
tracer studies showing that mitochondrial cregtine kinase can
utilice mitochondriaily—generated ATF more effectively than
exaogenous ATF (Yang et al., 1977) strengthen the hypothesi;
that a tight functional coupling exists between the two
enzymes. For additional information on thé,develgpment of and
the evidence for the c¢reatine phosphate shuttle hypothesis the
reader should consult the recent reviews by Saks et al. (1978),
Jacobus (1980), and Hessman énd Geiqger (1981).

Thus, abundant blachem;cal evidence is available to support
the view that the creatine kinase system provides a mechanism
tor the transport of metabolic energy from its site af
production to its site of utilization as well as for the
malntenance'of local pools of ATF. Still to be worked out is

. ~

the question, how much high energy phosphate generated from

b
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mitochnndri;I oxidative-phasphorylation 1is channelled into
creatine phosphate formation before-leaving the mitochondria ,
in vive? In other words, how essential is this transport
system, if it exists, to muscle cell functioq?
L

The pMysioleqical data provides conflicting evidence in
answer to this question. Several important experiments have -
been performed in which creatine phosphate levels were
correlated with the ability to develop tension in frog
saétorius (Seraydarian et al., 1961) and mouse soleus (Spande
and Schlottelius, 1970) muscles duri&g fatigue, as well as in
ischemic in s1tu dog heart (Gudbjérnason et al., 1970 and
hypexic 1solated rat heart (Dhalla et ;1., 1972). The
relaxation rate in frog gastrqcnemius mugcle was also found to
be correlated with creatine phosphate level's following a
fatiguing stimulus (Dawson et'al., 1980) .

~

In the above fatigue and hypoxia eﬂperiments: the mﬁscles
all stopped contracting when creatine phosphate levels fell to
a low value (circa Z0%) vet the ATP levels had not even
decreased by half. Cain and Davies (1962) repart that i1n FDNB
porsoned frog muscle, only three full contractions can be
;fxcited even though nearly half¥f tHe resting ATF concentration
remains after two contractions. These experiments suggest that
muscle +uﬁction is dépendent upon creatine phosphate and its

orygen—dependent regeneration at the mitochondria and are in

support of the enerqy shuttle tileory as well as the subcellular

B i



compartmentation af ATP.

When creatine phosphate levels are decreased by the method
of creatine analogue feeding however, the effect on muscle

function is not clear cut.

—

2. Creatiqe biochemistry and the de;elopmemt of analogue feeding
Before describiég the technique of creatine analogue
feeding, something should be said about creatine metabolism.
- The exi1stemce of creat{ne was discovered as early as 1835 in
meat extract (Chévreul, 1835) and its imbortance in muscle
contraction was suspected even before the discovery of creatine
phosphate ér ATF. Much of the early work on creatine was
concerned with the sites and the mechanism of its synthesis,
In 1941 Bloch and Schoenheimer conducted a comprehensx?e
investigation with iabelleg puta@ive precursors and found that
guanidinoacetate is synthesized in vive from arginine and
glycine. As shown in Figure 1., creatine biosynthesis is a
two-step pathway. First is a reversible transfer of an amidino

L4

qroup +from arginine to glycine to farm guanidinoacetate and the

'S
.

second 15 an irreversible transfer of a methyl group fropm
S-adenosvlmethionine (S5AM! to quanidincacetate to form creatine
(Floch and Schoenheimer, 1941: Borsook and Dubnoff, 1941;

Cantoni and Vignos, 1354).

The two encymes involved 1n creatine biosyntheéis have
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-Figure 1.

l‘“

. .

Creatine biosynthesis. The tap line‘shcws the

formation of gquanidinoacetate and ornithine from

glycine and arginine and the methyl transfer from
S—adenosylmethionine (SAM} to form creatine is

directly below. The bottom part shows the inter-
1

conversion of creatine and creatine ‘phosphate and

and their cyclizatign to creatinine.

~

.. .
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sbecies—specific organ distributions (Walker, 1979) but in

general, mammals have high lévels of the first enzyme,
amidinotransferase (AT), in the kidney and high lévels-of fhe
second enzyme, methyltransferase (MT), in the liver. The
pancreas contains high levels of both enzymes. The enzymes of
creatine synthesis are not found in‘tissues that use creatine
{muscle an? brain) gnd the enzyme that phosphorylates creatine,
creatine kinéée. isgnot found in tissues that synthesize it.
This ;eparation of gites_of creatine synthesis and creatine
phasphate synthesis and utilization allows independent
requlation of each process. Regulation eQident}y does occur
because the output nf,creatinine (the only known end product of
creatine and creatine phasphate metabol'ism) from the body pogol
is relatively constant at about 2 grams per aay (Walker, 1979).

/

dnce the pathways and sites of creatine biosynthesis became
fai;ly well establishea, interest waé focused on ?he ;ptake and
retension of credtine by.muscle. Fitch and Shields (1%66)
investigated creatine movement across rat EDL muscles :in 4
vitro using *“C-creatine .and found that the entry process is
saturable, indicating a carrier—-mediated transport system. A
- subsequent study by the same authors investigated substrate
. specificity and inhibition properties of this transport systeh
(Fitch et al., 1968). A variety of compounds were gesped for-.
their ability to inhibit creatine entry and of those that.had
no effect. none possessed an amidino group. O0f those that

inhibit entry, @—guanidiﬁnprcpignic acid (GP) is the mast

R S
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effective and is shown to be;compefitive. The Vmawx of GP is
identical to that of creatine and K, is less; 0.2 mM for GP
. compared to 0.5 mM for creatine (Fitch et al., 1968).
¥
Creatine and GF have exactly the same molecular weight and
their structure differs only by a methyl group that is present
as & side branch of the main chain in creatine but within the
main chain in GF. The similarity of these two compounds and the
competitive nature of the inhibition that was aobserved suggest
that creatine and GP compete for the same substrate-specific
transport site far entry into skeletal muscle. The Km values
show GF to be the better competitor which led to the use of
this compound in feeding trials as a method of depleting muscle
creatine Iin wvive (Shields and Nl;itehair'.| 1973, Injection of
14C—creatine into'rpts fed 1% GF in their diét for S0 days
shaowed reduced entrys of creatine into muscle tissue and
increased urinary excretion of creatine. Total muscle créatine
was reduced by 75% of its normal value ahd the urinary
creat1ne/creatiniﬂg/iatio was élevated about 7-fold.
This study was +01iowed up by Fitch and his co-warkers
(1974) who also repﬁrted the total creatine content of rat
¢ qasffacnemius muscles to be decreased by 75% after & weeks of
feeding with IZ GF. The creatine phosphate content was
decreased by 93%. Examination of organic phosphates by
chromatoqgraphy revealgd the existence éf'a new phosphorylated

compound in extracts of creatine depleted muscle. This new

T
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i
compound was indistinguishable from phosphqrylated GF (GFP)
formed in vitfo dnd was very slowly hydrolyzed by creatine

. ]
kinase under aséay cunditiuns; To examine. this #urther,
gastrocnemius muscles were stimulatgd to contract under anoxic

conditions and both creatine phosphate in normal muscle and GPP

in deplete

musclf decreased dramatically.. This suggested that
GFF can substitute functionally for creatine phosphate. Other
observations w rthy of mention are the reduced concentrations
of glucose—biphosphate, ADF, and ATP in resting muscle from
rats fed 1% GF. by S4%, 25% and 52%, respectively (Fitch et

al., 1974).,

No major histolnqicalvchénqes were observed in any tissues
from rats fed 1% GF (Shields et al.., 1975) although their
- fast twitch muscle fibres appeared smaller (Shields et al.,

19753 Fitch et al., 1978; Petrofsky and Fitch., 1980).

- i
"~

Using an In situ preparation{g$ tibialis anterior muscle
trom GF-fed rats, it was again shaown that anox;c contracting
muscles break down GFF (Fitch et al., 1979). These authors
estimated that the total use of high énergy phosphate (“F) was
reduced by 32% in depleted muscles compared to normal and the
reduction of total tension development 1n these mugcles

. i ’
followed closely ét 28%. These results suggest thai GF can
substitute functiondlly for creatiné phosphate but that it may
be a relatively pdqor substrate for creatine kinase. It is worth
noting that during the repetitive stimulation; cantrol muscleg

™~ ‘ i
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exhibited the staircase phenomenon while depleted muscles did
not. A possible explanation for this result given by the
authors is that ATF concentrations at the cross—-bridge sites

may be limiting in these muscles since the resting ATF levels

are reduced in the presence of high GF.

A different result was obtained in the same laboratory
several vears later. This time using rat soleus and plantaris
muscles, Fitch et al. (1978) reported that althquh GFF
accumul ates to concentrations of 25—25 pmelg™? which is
comparable to the measured level q{ creatine phosphate in
normal muscle (Fitch et al., 1974), less than 12% of it'is
hydrolyzed during a fatiguing stimulus in both soleus and
plaétarls muscles. Creatine phosphate levels were decreased by
68-70%4 1n normal muscles during this stimulation procedure.
Clearly then, GFF does not serve as an impor tant energy

|
reservoir under these conditions. In a subsequént in vitro
biochemical investigation, Chevli and Fitch (1979) showed that
the Vman of creatine kinase activity for GFF is less than
O.1%4 that for creatine phosphate.
o

é surprising result was that although the'hawgmum 150metric
tension (e%presseq as g/g muscle weight) produced by both the
soleus and plantar;s muscles was not significantly,affécted by
GP feeding, the endurance of the depleted soleus was markedly

prolonged. These muscles could maintain 70% of their maximum

1sametric tension for 106 + 40 seconds while normal soleus for

’
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only 43 + 18 seconds. Depléted plantaris muscles showed no

sigmficant change in endurance (Fitch et al., 1978).

Fetrofshy and Fitch (1980 extended these cbservations in a
. .
subsequent experiment using an elegant stimulation technique
.developed by Petrofsky (1979). In contrast to the previous
f

1investigation, depleted soleus muscles developed only &17% of

the rormal twitch tension and both the rise time and half

relaxation time were significantly prolonged. Again, the
isometric endurance of creatine depleted soleus muscles was
prolonged by & factor of nearly three, while this;qarameter did
not change 1n depféted plantaris muscles. If the creatine-.

L 4

creatine phosphate shuttle does exist, it appears not to be

essential for the maintenance of a steady state work rate.

. -

Ferhaps creatine phosphate hydrolvsis during aerobic muscle
contraction serves some other purpose thah to provide energy to
sustain contraction. No absolute differences were observed
between cantrol and depleted plantaris muscles except that the
depleted muscles are smaller. The slow twitch muscles appear to
get slower and the fast twitch muscles appear to get smaller as
a result of creatine phosphate depletion.

To more critically evaluate t;e effective energy reserves
tor contraction i1in normal and creatine depleted muscles,
Mainwood et al. (1982a) examined contractile performance

atter, 1nhibiting respiration and glycolysis. The appareﬁt



enerqgv reserve (Crf + AlF) was estimaged to be 75% depleted 1n

rat diaphraam muscles following GF feedina for tour weeks,

Followina application of X pﬁ NalN anao 1.7 oM 10doacetic ac:id.

3

normal muscles continued to responhd to tetamc stimulation for

‘about le-18 contractions talthough the tension development was

g80% ot the preinhibition level: while the creat)ine depleted
mussles gave only 2 or 4 contractions before golng 1nto a state
or contracture. Based on the contraction resulte, the

. ~

e1Te TIrre enerqv reserves appear to be reduced b about 7440,

- Al

ihue the decrease 1n ener av reserves seems ho correspond to the
decreaze 1n Urf and miIF 1n creatine depleted diaphragm muscles
-

indicating once agalin that GFF 135 not a functional enerqy

reser e, 'S '

» -

In A subanquent'atudu ﬁa1nwood et al. vl-8’lb) compareda
the contractiic parameters gt normai end deuieéed 91anhraqm
muscles during o tWwitch and a briet+ tetanus and ecamined the

-
intluence ot creatine phosphate depleﬁ:on on Lthe respon;e to
both fati1guuang stimulation and bries bursts o, gacond 100
Herts fLelant ol o per second? of sctivitwv. Tlme to peal tension
And hals relaxation time 1 a =1nale twitch were both
sranmy frcantly prolonged as reported bv Fetrorsrv.and Firtch
V190 tor depleted soleuws nuscles. The rate of relasation
following & tetanus was ala; signiti1cantly prolonged 1n
depleted diaphr anm muscles,. Surpricsingly, the creatine

phosphate depleted muscles exhibited less depression of tension

aguring tatigue and recovered somewhat faster. This' corroborates

*



. 15

the earlig: findings that gatigue doeg,not seem to be dependent
5n creatine. phosphate 1?9215 (Fitch et al., 1778, Petrofsky
and Fitch, 1980) . ﬂjVery striking effect of creatine phosphate
depletiok was observed on the velocity of tension development
during the brief bursts of activity. The rate o rise.of
tension development progressively ;ncreased in narmal muscles
over a series of seven contractions while i1n depleted muscles
it sharply deQi}ned. The maxi*mum effect seemed to be \\\\
reached by abogt 3 seconds of stimulation. ATF levels were
found to be unchanged aften 2 seconds of stimulation in both
normal and depleted muscles i1ndicating that. the dec}ine in the
rate of tens1on'development in depleted mu®cles is not a
consequence of low muscle ATF. It 1s still posslbie that the
ATF level 1s very low i1n the vacinity of the cross-bridges but,
aé tHe gﬁfhors state, this wauld 1ﬁp1y a restricted ATE
mobility andma dependence on creatine phosphate, the latter of
which was ruled out by the endurance éxper;;ents of Fitch et
al. (1978) and Petrofsky and Fitch (1980,

In summary then, the earlier biochemical dafa suggests a
physiological role for creatine phosphate in transport of high
energy phosphate from source to sink and 1n buffering local
changes 1n [ADF] and [(ATF]. The eneray shuttle theory i1s
supported by kinetic studies on mitochondria which suggest a
possible coupling between CK and ADP-ATF. translocase.

Fhvsiological data obtained from fatiguing, hypoxic, and CK-

inhibited muscles 1n general show a dependence of contractile
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perfnrmancg on creatine ?hnsphate levéls which indirectly
5upports_the'above theory: Informatron obtained f;om muscles
depleted Df-ﬁgsﬁklﬂg phosphate by the method of creatine

~ . .
analoquég}éeding does.not indicate a dependence of contraction
on creatine phosphate.

N .

These results taken together suggest that creatine )
phosphateapal not.perfqrm an essential energy transport - |
function 1n skelétal muscie. Its 1mportancg as an’ immediate and
dynamic energy reserve to butfer changes in CATF] and [ADFP]

durinag brief bursts of .activity is suggested by the recent work

on diaphragm muscle.
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STATEMENT OF FURFO3E

ine tast twitch rrat entensor diartorum lonaus (EDL) muscle.,

Wwhich cansists of S99, tast oxigative-aglvecolvtic, 387 Tasw

alvcolvytic, and % slow oiidative muscle‘¥1nres (Ari1ano ec ai..

15770, 18 ln%g} to have a hiagh rate o+ wRif utilization «wWendt

and.ulpbs. - 200 1f the Lrt-Lr system really functions as a

dvnamic butrer aurinag sudden changes 1n enerq, demand. then the

rat ELL nuscle stould be verw censitive to such a change when
o . /
creatine phosphiate jevais are low. In an atrtempt., to test this
L] . ’
praidi1ction and Lo gain more rm+ormation ADONt the phnvsialogircal

rale 0r creatine nHosphate 1N steletal muscle contraction the

-~

taliowming questions were asiod:

l. 1z the response tollowing briet bursts ot artisvibty 10 rat Bt

muecie arrected D creatine phasphate depletion

»

—- Which contractile parameters ot the rat FUL are most

attected by creatine uhdsphate depletian

e Wheat possiblie mechanisms mav. link the observed chhanges 1n
contractile parameters with the depletion of creatine

phosphate

.
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METHODS
There are two distinct parts to this.investigation.
separated primarily on the basis of the differing, protocol

followed and the different apparatus used in the contraction

\\\figﬂiggyfﬁhe animals obtained for these two partd are treated

as separate groups for the birochemical analyses as well (Part

I and Part I1). . -

TREATMENT QF ANIMALS

1) Rats on the anéloqua diet from 5 davs to SO days of age

In a preliminary feeding trial, four complete litters of

Sprague-Dawley rats containing an even distribution of male and

- temale pups. were pﬁrchﬁéég from Charles River Canada

Incorporétéd in Montreal within a day or so after the birth of
the litter. Fups in e;ch litéer were randomly separated into
three groups: 1. control, 2. analogue~fed from weaning (23 days
old! to 50 days old, and 3. analoque-fed frpm ﬁ-days to 50 days
old. At 5 days of age pups from_groups 1 and 2 were administered
distilled water by intubation and pups from group X receiJed,
also by intubation, distzlled_water containing 1% of
6—guan1dinopéopionic acid (GF) gbtained from Sigma Chemical Co.
Each pup recei?ed 10 pl of fluid per gram body weight per day
and this continued to weaning. The smallest volume possible was

used so as not to interfere with suckling.
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AT wWeaninag pups were separated +roam their mother. claced 1n

Pl h

individuwal cages, and those trom oroup | were given lu grams Of

powdered Furinas Rat Chcw'per day while those from group - and

rece;ved 1 grams ot powdered Chow conE@1n1na 1% of GF per dav.
Ilhis gquantity wa% adijusted tco mazntgxn a steady aqrowtih rate so
that by Su davs of aae rats were eating 1.2 arams ot Chow per
d=v., Water wacs provided adJd f:b:tum. The dosage level +or both
1HLUbR{1Dﬁ and chow teeding corresponds to appro:irmatel . 1 ma
ot bk per aram body weilght per dav.

Inlﬁ-gxperxmenn was‘done 1M an ;ttempt to turtner reduce

nmiscle creatine levels trom those achieved by analogue teeding

T Om AN ng.

.) Mabls on the analogue diet fYrom weaninag ) days old) to SHo

davs ola, ) .

~
L

Male weanling rats purchased from Charles Fiver Lanada
Ilncorpor ated caomprised the two Qroups or animals used 1n Farts
I ang 11 vt this study. Rats were randomly assiqgned to control
and treaten groupe and were \nd1v1du;llv caged. Loantrol rats
were 1ed powdered Chow iﬂp treated rats powdered Chow contd}n—
ing 1l GF 1n the quahtltleﬁ and dosage level describen above.
he LF used 10 Fart 1 was purchased trom S1cma uﬁemxadl La. and
in Fart li 1t was svnthesized in our {aboratory +trom é—aiﬂnxne
andoecanimide according to the® methad oi Rowle. etrai. L B T

3
here were virtuglily na chemcal difterences between the

5
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purchased and §ynthesizea analogues that we could detect from
either NMR spectra or from melting point depression analysis
and we assumed that any impurities present were m}nor.

. I
J

BEIOCHEMICAL TECHNIQUES
A . -
’

1. Freezing and eitraction oy

.

EDL muscles of four normal and four GF—fed rats from both -
Fart I and I1 were used far bicchemical analysis. After the rat
reached the apﬁrnpriate depth of anaésthesia. the EDL ﬁuscleg
+rom LntB legs were éenervatéd. quicklyv excised ahd frozen
between algm1num blocks precooled in_}lqu!d ni1trogen. A

styrofoam werghing dish with a lid was used to obtain muscle

weights while keeping the muscles frozen. The range of muscle

welghts was between S0 and 80 mg. Frozen muscles were then

..

. A

placed in small, cold plastic tubes and stored at =70°C for -

later enxtraction.

. -~

An aluminum block with holes to fit the small tubes was
precooled in liquid nitrogen to keeg the muscles cold duriﬂq
extraction. A stainless’ steel rod shaped to 4it t;é tubes, also
coaled 1n liquid nitroqen. was used to grind the musE}es down
to a fine.powder. The tubes were placed on ~-<ice, 0.5 ml o; &7
perchloric acid was added, the kontents were vartexed, and the
miiture was allowed to stand on ice for 20 minutes. Following a

second vorte: and centrifugation at 10,0009 for 10 minutes to
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precipitate the protein. the supernatant was decanted into a
cold fresh tube and neutralized with 100 Hl of 2.5 M KzCOs.
Centrifugation for 10 minutes at 10,0009 caused the potassium
perchlorate to precipitate out and the supernatant was pipettéd
into a cold f?esh tupe. The extracted sample was either frozen

L ]
-immedi ately and stored at -70°C or used right away for analysis.

£. Aci1d hydrolvsis

Vg

-

-

Far the determination of total creatine crei}ine +

"

creatine phosphate), 120 Pl.of U.2N HCl was ad to 0.5 ml of
the sample and the mixture Zgas heated to 84°C for N minutes
to hydraly:ze all the creatine phosphate present. Immediately
+oilow1nq heating, the samples were placed on ice and

neutralized with 12 pl of 2.5M KaCOx.

3..Determ{nation ot total ccéat1ne

A modification of the colourimetric assay describea by Ennor
and Ruseﬁberq (1992) was used tor the determination of total
'dreatlné contént in hydrolvzed muscle extracts. The_reaction
mixture contains 1.0 ml distilled water, 0O.1_ml muscle extract,
9.5 ml of 1% d-naphthol dissolved in a concertpted alkali
solution, and 0.0%5 ml of a 17 solution of butqne—2.3—dione
diluted 1:20 in distilled water. After lgtting the reaction
mizture sit for 3I0 minutes it isg read_spectrophctometricaIIQ at

510 nm at roem temperature.



From previous reports in the literature, saﬁpleglwere
expected to contain ahproximately 23 Pmoles of creatine per
agram wet weight of muscle tissue.s The standard curve was made to

range from O to 100 nmoles.
4. Determination of total ?~guanidinopropionic acid

A.Eolourimetric assay known as %he Sakaguchi colour reaction
<

(Sakaguchi., 1923) was emploved for the estimation of guanidino
compounds. THis assay has been described more recently by Baonas
et al. (1963). The reaction mixture contains 1.0 ml Qistilled
water, 0.1 ml of hvdrolyzed muscle jextract, 0.2% ml of a thvmine—
-anaphthol mixture, 0.1 ml NaOCl, and 0.1 ml of Z% thiosul fate.
The mixture is allowed to stand on ice for 5 minutes and is read

spectrophotometrically at S10 nm at 10Q<C.

5. Determination of ATF .and CrF '
f .
A combined enzymatic assay is used for the estimation of
ATF and CrP content in unhydrclﬁzed muscle extracts as described
by Lamprecht and Stein (1965). fith this procedure a sequential
series ot three reactions occurs:
Glucose-4—phosphate + NADEX -t &-phosphogluconate + NADFH + H+
Glucose + ATF 2= Glucose-é6-phosphate + ADF

Creatine‘phosphate + ADF _Se, Creatine + ATF

~
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where 1 = gl&cosefb-phosphate dehydrogenase (EC 1.1.1.4%9),

é’éwhexokinase (EC 5.7.1.1), and 3 = creatine kinase o
(EC 2.7.3.2). Reaction 1 is completed first to remove any ’
endogenous glucose-b-phosphate. Reaction 2 then removes
endogenous ATP so that reaction 3 can measure creatine
phosphate content in the absence of AfF. The ATF conten} and
the creatine phosphate cun&epf‘in reaction% 2 and 3,
regpecfively, is measured directly_by the increase in optical

density at 340 nm due to the formation of NADPH.
!

- L

6. Corrections and analysis

1
Since GF reacts to some extent with butane—Z,S—d@one as

-

well, it 1s necessary to correct for this in the estimated

creatine content. A known amount of GP was adaed to the reaction

.

mixture im the absence of creatine and Fead as described above
for the creatine assay. The gorrection factor (F) was obtained
‘4

from the ratio of this GP reading to the Cr reading from an

4
equivalent amount of creatine. The corrected creatine reading

~

was then obtained from the following formula:
2

Qe = Qe - F K_Qar
of
where g = the corrected creatine value, Qg = the creatine

reading from the standard curve, F = the carrection factor, and

Oap = the GF reading from the GP standard curve.

= 4
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For tne estimation of the tree enerqy change ot ATF

hvdrolvsis «-dG/de: the following equation from Dawson et al.

V1T80) was used: *
—dbsdE = AG%qea + FT INGLCEI0F, J/7ELUFFILHY D)

where As®ana= Lo bdmol™', LF, 1= 40003 M, b= 50109 M

and LH*] = 1077, Other assumptions i1nvolved 1n the use o+

this eguation are that the &ohmann reactfon 1é at equ115r1um.
that the rormation ot phosphorvlated GF 1n creatine depleted
muscle dgoes not si1aniticantly attect the equlllurlum‘posltlon.
and that the eguilibrium concentrations ot the substrates

b

provide a useful estimate of the substrate concentratian during

muscul ar actiwvitb .

For the estimation 0+ cross—-sectional area we first
calculaten muscle volume \maESfdensxtvk AS3UMING MmMuscle denstty
to be L.ooolo® mag.cm~* Hi1ll, 196%9). lhis value was then
divided by muscle lengith. ke assumed cross-sectional area Lo be

ccr'xst.a‘t along the length ot the muscle.

A1l values aotdttained +rom the birochemical assays are

enpressed as the mean + the s‘.nﬁard errar ot the mean.

statistical t-tests were pertormed on this data and the !

.

probability level p.u.03 was chosen fur s1anificance.



CONTRAGTION STUDIES ‘ . )

1. Surulqal_procedure
Fats were anzaecsthetized with &5 mag of sadium Dentmbarbxto{
per la bogy welght., adminlctered intraoeri1toneally. The EUL
muscle was caretully 1solated ffom surrounding tissues leaving
1te nerve oand blood supply 1ntact. *fo avoia rerler activity thne
commcn‘perdneal nerve wad cut about | cm diztal to thetpolnt at
which the deep peroneal nerve branch crosses the fi1bula. Ine
-

prozimal tendon'and the ankle joint were clamped to stay +1rmiv
In position and the distal tendon was cut clase to 1ts point ot

insertion, tied to a thin steel wire with si11k thread, and

-
~

connected to a fBrce transducer.

¢ ¢

ihe rat was 1mmersed 1n a bath containing Tvrode s soluélo%
wilth tge following concentration of 1ans: 1459.5 al Ma*, 2.% mM
Ca<*, 4.7 mM K, .1 mM Mg==~, Lliv. 0 e Cl-, 2S.0 mM HCOx - .
1.2 mM HzFOa® , 3.1 fll 504", and .5 aM alucose. Solution
temper ature was ma1nt§1ned betweer 3%° and Io® celsius by a
circulating water 1achet and the solution was gassed with 50

ocrvygen and 5% carbon diouide. !
<. Electrical svstem ) f

HMuscles were made to contract by direct field stimulation

wirth a rasse 588 stimulator using plat1nug_5tr1p electruodes

un

[}



placed 1-X mm on eitther side. Lenath was adiusted so that peak
twitch tensieon wes matimal. Isometric tens:qn development was
converted teo an eiectrical output by four ;tra1n gauges which
rormed a wheatstone brldce..ihe vol tage lepuL Wwas amplitied and
difterentiatea thern photographicailw rg:drded by a Tektroni:
Sk Dual Beam Uscilioscope with a camers attach@ent for later
analvers. he diiferentiating 51rcu1t.iiglibrated us1nqg

trianaular wave pulses generated by a Hewlett Fackard 3700/

Function Generator., nad a time constant of 120 Hesec.
Zr stimulation ratterns
FARART 1

o measure 1sometric tension development a Statham Universal
fransducing .Lell Model UCZ) was used with a ioad cell attached
ta ertend 1ts range bevond Juw grams. fhe compliance of the
transducer . loao cell. plus the steel wire was 4nlm‘=im/q and -’

two distinct resanant +requencie=z of 20U and 250 cviles per

secand were measured.

1} Fepeated trains of pulses '

Marnwood et al. (1982b) previously used 1solated di aphraam
strips and delivered tetanic trains at 2 per second. In this
rast twitch EDL muscle preparation greliminary experiments

ghowed that the zhorter stimulus i1nterval from a 3 per second
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‘series rgsulted in a more pronocunced effect on the tetanic
cantraction paraheters We were measuring.
«

Usina a Devices diqitimér Type 3290 to set the cycle length
~and to trigger the stimulator, oscilloscope and camera at
appropriate times, 100 millisecond (msec) tetanic trains were
delivered ét 3 per éﬁcand for 20 seconds and every other
contraction was photoqraphically-recorded. A stimulation
frequency of 140-180 Hert: was required for a smooth fused

tension recording.
i1) VYariable duration of single conditioning tetanus

As a follow up to the series stimulation a single

conditioning tetanus of variable duration was delivered

folléwed by a single 100 msec tgst tetanus. The length of the
conditioning tetanus was controlled by the digitimer and the
durations used were 0.0%, 0.2, 0.7, t.0, and 1.5 seconds. The
100 msec test tetanus was delivered 230 msec later which
co?responds to the interval between each of the tetani in the 3
per second series. A 5 minute rest period was allowed before the

next conditioning stimulus was dé&livered.
1ii) Variable interval between conditioning and test tetanus

Once the optimal duration of the conditioning stimulus was

established (1 sgcond). the time course of its effect on the

b
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subsequent test tetanus was examined. A single test tetanus was
triggered after each 1 second conditioning tetanus and a five
minute rest was allowed in between. Intervals of 0.0S5, 0.1, 0.2,

0.4, 0.8, 1.2, 1.6, and 2.7t seconds between the conditionina and

test tetani: were chosen.
FART I1

A Kulite strain gauge Tvpe EG+100 grams (Durham Instruments)
was used for this sectian. The voltage output was again linear
to more thaﬁ éOQ grams. The compliamce of the kransducer is
about 1.8 1072 cm/qg 9nd the natural resonant frequdncy of
the transducer plus the steel wire was measured at about 1.7
kHz. This corrpgsponds to a fractional muscle shortening‘o+ about
0.01% and a transducer response time of less than 0.1 msec. A

rest 1nterval of S minutes was,used throughout this section.

1) Sinqle twiteh before and after cond:tioning tetanus

In this part of the study, postfetanic twitch reaPDnses were
eramined. It was felt the single twitch may be a more sensitive
indicator of the differences existing betweer normal and
depleted muscles. A twitch contraction was delivered 1mmedia§ely
before (100 msec) a | second conditianiﬁq tetanus and again 200
msec after. The twitch after was compared to thé twitch before
the conditioning tetanus in an attempt to isolate the effects of

the conditioning stimulus from other unaccounted for etfects,



(e.qg., time).

/ .
ii) Variable interval between tetanus and second twitch

The time course of the posttetanic effects was examined by
varying the time interval (ta) between the tetanus and the
second twitch. 9'51ngle twitch was trigagered after each 1 second
tetanus and an 1nterval of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, &0,

or 120 seconds was chosen. The first twitch was delivered 100

msec before the tetanus as described previously.

ii1) Vari;ble duration of cdndit:oninq tetanus
s
Observations from the time course experiments led to
guestions concerning the effect of varied tetanic duration on
posttetanic responses. Durations of 0.1, 0,2, 6.4, 0.9, 0.6,
1.0 1.3 and 2.0 seconds were used and twiptch contractions were

delivered 100 msec before and 200 msec after.

1v) Multiple pulses befaore and after conditioning tetanus
Since the mechanisms behind the differing poasttetanic
responses in normal and creatine depleted muscles were still

unclear, we attempted to examine this further by looking at the

1 —

effect of the conditioning stimulus on multiple pulse responses,
1, £, F and 4 pulses were delivered, each before and after the |

second conditioning tetanus as described above. The mulitiple



bu}ses were 2.0 msec apart as this interval ﬁ;s tound to be
optimal in preliminary experiments.

-

4) Corrections and analysis

The photdbraphxc records obtained from all experiments
contain tracings of tension and its derivative, Measurements of
peak tension (T). the maximum rate of tension development (+i).
and the maximum'rate of relaxation (-T) were made using a
photographic enlarger. The amplitude of these curves was
measured 1n cm and was canverted to the corresponding voltage
value by a multiplic;tion factor obtained from: previous
calibrations of oscilloscope grid photographs.

The final values obta1ned in N or Ncec—* were statistically
manipulated and are expressed as mean values *+ the standard
érror of the mean for each experiment. To test for significance,
t-tegts were performed’ and the probability level pi.OS was

chosen.
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RESULTS

FRELIMINARY FEEDING TRIAL
N\

-

.,
Eight rats from the group fed 1 mg .GF/qg bodv'w91qht/day.
four from S5 days to 50 days old and four fraom 23 davs (weaning)

to S0 days old, were used for muscle biochemistry. The total
creatine content (Creatxng + creatine phosphate) of the extensor
digitorum longus (EDL) muscies from the two groups 1s given in
Table 1. Control values are included for comparison. This .
preliminary exper1ment>show5 that feeding the analogue shortly
atter birth does not deplete muscle creatineany further than

feeding GF from weaning.

The effect of the twa analogue feeding techniques on body
weilight and EDL muscle weight 1s‘givsn in Table 2. The mean body

+

weight of rats fed GF from S days old is si6n1+1cant1v different

from that of control rats: 124.6 * 3.4 g and 141.6 + 3.4 q for
GF—-fed and control ., respectively, but there is no difference
between bady weights of control rats and rats fed GP from

weanina. The mean EDL muscle weights show evidence of growth

retardation in amimals from both GF-fed groups.

Growth curves of animals on this feeding technique from both
5 davys old and from weaning are displayed in Figures 2 and Ty
respectively., In Fiqure 2, total body growth of control and

treated rat;<T§-tHe same until weaning. At weaning (23 days old)



* Table 1. Effect of age at the start of analogue ‘(BP) feeding
on total creatine content (creatine + creatine

phosphate) of frozen. resting denérvateddEDL muscles

‘n=4) .
CONTROL = FED FROM FED FROM
S-S50 D.O. 21-50 D.O.
TQTAL R
S REATINE+ 23.0 + 1.4 4,1 + 0.6 4.5 + 0.3

s .
* values are means + standard error of the mean

units are umolg~* wet. muscle weight .

32
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Table 2. Comparison of body weight (in arams) between control

CONTROL

DEFLETED

in brackets denote sample size.

BODY. WEIGHT

weaning

141.6+7 .45 134.3+1. 4

(10) (1o

124,643, 4% 131.5+2.0

-10) (10

-

and GF—-fed rats at 49'da§s of age and EDL muscle
weight (1n milligrams) between control-and GP-fed

rats at approximately SO days of age. The numbers

UNSTIMULATED
EDL WEIGHT
'5 D.0. weaning

TO.S+2.9%%,  76.4%1.6%%
8) (9}
S3.6x2.1% £9.7+1.4%

() (10)

* significant difference between animals fed GP $rom S days aold

and from weaning; p-:.0%S

¥% significant difference between control and depleted animals;

P09
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?iqure 2. Growth curves of newborn rats fed distilled
water (control: closed circles) or 1% GFP
(treated: open cirecles) by i1htubation from 5
days old to weaning, then qrﬁund chow
tcontrol) or chow containing 1% GP (treateQ)
trom weaning to SO davs of age. (n=190 except
where otherwise indicated). The arrow shows

the age of the animal{’at weaning.
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Fiqure Z. Growth curves of rats fed ground chow (control:
tilled circles) or chow containing 1% GF
(open circles) from weaning to SO days old.

(n=10), The arrow shows the age of the animals

at weaning.
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the mean body weight of rats on the GP diet diverges {from and
remains below that of normal rats. Total body growth of rats on
the 'GP diet from weaning only is not different from normal

(Figure 3).

BIOCHEMISTRY

Biochemical analysis of EDL muscle extracts from S50 day old
rats revealed that creatine (Cr) and creatine phosphate (CrP) .
levels were reduced in the animals 429 1% GP from weaning.
Results from Fart 1 (treated animals fed the.GP from Sigma) and .
Fart II (treatedeani@ais fed our labo?atcry synthesized GF) are
giveq in Tables 3 and 4, respectively. Total muscle Cr in both
groups of GP-fed animals fell by about BOY%.  The mean total Cr
content in Fart 11 however, is abou€ 30% greater than in Part 1

and the total GP content is about twice as high. GrP levels

consistently fell by about 267 and ‘ATP content was reduced by

64% and 79% in Part I and II;‘respectiv;iy; Al though the CrP/Cr.
'ratios inrndfmal muscles from Parts I and II are dif{erénf (1.4
+ 0.3 vz 0.6 + 0.04), in both cases they are aHgLnd ten times

greater in naormal than in depleted musclés.-

The calculated free emergy change (-dG/dg) for ATP hydrolysis

shows a decrease of about 10% in both GP-fed groups of aniﬁals.

Resting depleted muscles therefore, have a reduced high



.-
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Table.Z. Biochemical analysis of resting denervated EDL muscles

excised from S50 day old normal raté and rats fed 1% GF

from weaning. (GP was purchased from Sigma)

total Cr
Total GP#
CrF=
ATF*
CrF/Cr
—dG/dy *»

o

* in pmolgT®* wet weightg

## in kImal—2

CONTROL DEFLETED
4 4

23.0 + 1.4 4.5 + 0.3

0.3 + 0.2 1%2.4 + 1.2 .
13.8 + 1.8 0.5 + 0.03

S.é + 0.5 2.0 + 0,2

1.6 + 0.3 0.1 + 0.02
bb.7 : 59,9

as mean * standard error of the mean
4

39
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' Table 4. BRiochemical analysis of resting denervated EDL muscles

b L3

excised from S0 day old normal rats and rats fed 1% oGP

from weaning. (GP was synthesized in our laboratory)

.‘ CONTROL TREATED
‘ n 4 4

Total Cr* 30.6 + 0.4 5.9 + 0.3
Total GP* 0.4 + 0.2 29.5 + 1.1
CrPx 11.6 + 0.6 0.5 + 0.2
QTP* ’ * 6-3 i (:)-1 1-3 t (3-1
CrF/Cr .62+ 0.04 0.09% 0,02
—dG/dg *» 64.4 . 59.5

* 'in umolg-—? wet weight; as mean + standard error of the mean

*% in kdmol-—2
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enerfy phosphate pacl (AIF + CrP) . a reduced-+reé energy change

- '

for ATP hvdroiysis. and an altered ErF/Cr ratio. These striking
biochemical changes are accompanied by alterations 1n various

contractile parameters as 'shown 1n the followina sect:on.,

CONTRACTION STURIESZ - PART 1

1) Erfects of creétxne deplet1on‘on_a sinale twitgh and tetanus’
‘

Representative exzamples o+ twitch and tetanic contraction
characteristics obtained from normal. and creatine depleted EDL
muscles are displaved in Figure 4. Tens:ian V. the maximum rate
or tension devel opment t+?). and the maximum rate of relaczation

‘=1, were measured +rom tra;es such as these and the results of

their analvsislare civen 1n lable 5. Althouagh the mean twitch
tensiaon 16 depleted muscl; 15 about Eﬁi.less than normal, this
difference is not significant. Time to peak 1sometric twitch
tension waé'measuredlxn 4 normgl and 9 depleteq rats. The mean
values + SEM are 1S.1 +t 0.7 and 15.6 * 0.5 msec, respectlvelv;
Thus., twitch characteristics are unchanged by creatine depletion

while tetanic tension 1s reduced by 35% and tetanic +i and —f are

- g .. -~
reduced t+rom normal ty 5% and S1%, respectivelv.

\ Since depleted muscles are smaller than normal , a different

picture emerges upon examination o+ the normalized values. The

A

differences betwaen control and treated | and +i are no langer




Figqure 4.

Isometric twitch (a and c) and tetanic (b and d)
tension recordings from normal (left) and
creatine depleted (right) EDL muscle. In each
case the lower trace is tension in newéons (N)
and the upper trace'is khe derivative of tension

in newtons per second (Nsec—!)sy For the tetanus

14 pulses at S00 Hertr were delivered.
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Table 5. Contractile parameters of a single twitch and a single

TWITCH

44

tetanus in the EDL muscle of control (n=6&) and creatine

depl

NORMALLIZED

TWITCH

TETANUS

NORMALIZED

TETANUS

A in Nem—=

Bin Ns—icm— =

* pu .05

eted

—

4
—{n

T/CSA
+f/CBA

-T/CsA

-

+
-

T/CSA
+T1/C5A

-T/CsA

(n=7)

S0 day old rats.

NORMAL

x *
257.5 +
25.2 +
13.3)1
c
11.9
1143.3

&03.2

&7.4

I+

97.5

-+

78.9

3065.2

4107.9

I+

I+

I+

I+

1+

SEM

1.5 mN

2.0 Ng—12

1.1 Ng—12

1.2

110.4

&3.1

0.1 N

5.8 Ng—?

7.5 Ng—1?

DEFLETED
K"
X + SEM
207.2 + 18.0 mN
22.3 ¢ 2.6 Ns—2
11:9 + 1.0 Ng™—?
12.4 + 1.7~
1324.3 + 183,79
702.2 + 46,0
1.1 + O0.05 N
44,0 + 3. Ng—1
49.9 + 4, Ng—*
I
66,0 % 8.3~
2632.7 + 327.0™
2975.4 + 3&67.8=



sianificant whereas ~T is stili significantly less when

e.pressed as a +tunction ot the estimated cross—sectional area.
A . )

It appears then that, during a tetanus, -T 15 the parameter

most afrected by creatine depletion.
-

-.! Series stimulation

It was previousiv observed by Mainwood et al. (1782b) with
120lated rat daraphragm strrips, that atter 7 or 4 tetanic

contractions 1n seri1es (. per sec!) the ma}imum rate of tension
- &

development (+T) decreased :in creatine depleted muscles while

1t 1ncreased 1n narmal muscles. This pattern of stimulation was

repeated with our 1n s1tu EDL muscle preparations. A series

at 10w msec tetanic stimuli (140-180 Hert=) was deli1vered at a

rate ofr . per second. Fercent of 1n1t1al Iy +7, and -l 1s

plottea on the ordinate af the three ar &phs and contraction

number on the abcissa 1n Figure S. 1oon represents the 1ni1t1al
value tor a single 1o msec tetanus 1n the beginning of the

Ser1es 1n all three cases. Foints atter this show changes during

Ltne series. hkoth 1 and -1 gradually decline 1n normal and

depleted muscles as the number of contracti:ong increases. The

decrease 1n T 15 slightiv less 1n normal muscles; bv contraction

-

number 9, normal muscles devefcp 7B.7 4 Z2.0% and depleted
muscles 72.0 ¢ 1.6% of the 1niti1al tension. Depleted muscles -

shaw an 1nitial rapid decline in —f-which levels off to approach
3.7 + 1,.3% while normal muscles show a steady decline to

~

approach 4%.3 + 3.5% of the i1nitial -T by the s%th contractian.

\ \



Figure S. Effects of arseries of tetanic stimuli (140-180

Hert?2 100 msec. in duration, délivered at 3 per
second, on tension (T), the maximum rate of
tension,éevelopment (+?), and the maximum rate of
relaxation (-T) inAnérmal (filled circles) and
c?eétine depletéd {open circles) EDL muscles.
Contraction number is plotted on the.abcissa and
perce%t of the initial T (A), +T (3) or =T (C) is
shown along the ordinate. The two rows of numbers
above the-abcissa'in SA rEFEﬁ to the sample si-e

of normal (top) and depleted (bottom) animals and

are the same in B and C.
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H much more striiing ditierence berween the two muscle groups

was observed in +T7: 1t 1€ potentiated 1n normal muscles and
raprcl-. decﬁneswn denleted muscles during the series of tetanic

Stinuli. ihus the etrect 1ni1ti1ally observed with In vitro

diaphr aaam strips has veen confirmed using an in s1tu EDL

urepar atlon.

- arrable duration ot'a si1ngle conditioning tetanha

Rfter a total stiaulstion time-of about i SECOoNd a Mmas lhum

. )

ctrect on +1 seems to be reached tdr both normal (about 107
parentiation: and depleted (about 30% depreseion s musclies., Ihisg
response could be associated with the number ot contraction-
relattation cvcles or 1t could be a tunction ot the tDt&}
contraction time. Jo elamlne thxé turther we looked at éﬁéﬂges
in +i tollowing a single conditioning tetanus o+ varying
duration. Figure o contirms that the mazimum etfect on +% of the

test tetanus 1n poth normal and depleted muscles occur s when the

candirtioning tetanus 1s | second 1n duration.

H representati ve example ot the tenalon'reccrd1nqs frum‘th1s
stimul ation Droceaure 15 shown 1n Figure 7. the traces on‘the
lert shaw tﬁe tensi1on developed and its derlvatlye during a
s1ngle tetanus 1n a normal (top! and a creatine depleted

thottom! muscle. The end of the | second cdnd1t10p1nq-tetanus

ana the vy msec test tetanus are shown on the right. A 230 msec

1nterval separ ates the conditioning from the test tetanus - the



Figqure 6. Effect of varying the duration of the conditioning
. r - - .

tetanus on the maximum rate of tension devel opment
(+7) 1n normal (filled circles) and creatine
depleted (open circles) EDL muscles. The duration
was varied from S0 msec £o 1.5 seconds. FPercent of
the initial maximum rate of tension devel opment

{% of 1nitial +T) 15 plotted on the ordinate and
duration is ip seconds along the abcissa. (n=% in

all cases)
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Figure 7. Isometric tension recordings of I?O:psec 1560
Hert: tetanic contractions before (left) and
230 msec affer (right) a 1 second conditioning
tetéﬁus (arraw) in normal (a and b) and creatine
deple;ed (e and d) muscles. In each case the
léwer thce is tension 1in newtans (N) andlthe
upper tr;ce is the derivative of tension in
newtons per second (Nsec—%*). The dotted lines .
drawn across the tracings emphasize the change in
the maximum rate of tension development (+i) in
both muscle groups following the conditioning

stimulus.

A

(L FT PR )
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- -ti@e 1lnterval between each of the tetani in the 3 per second

Series. an:n.'+f is lﬁcreasqq.in normal muscles by abogut 10%

and decreased in depleted muscles by ébmdt:SOk.*Thesg changes

are empha;lzed by the dotted limes extending from +% of the
. 3 .
sinale tetanus to that of the test tetanus. The extent of r

potentiation and depression appears to be similar follaowing

el ther a si1nqale ] secand tetanus ar ten 100 msec tetan:.
4) Yariable interval between conditioning and test tetanus

lo determine the time course of the potentiation and the
depression a ! second conditioning tetanic train was delivered
a5 netore, but the i1nterval between it and the subsequent test

tetanus (tz) was varied, ‘Fiaure 8 shows the results from two
. Y

normal and two depleted muscles. Normal muscles show a
- EY . 5 / < ’
potentiation of +T which gradually declines as the interv \t:)

1ncreases and the deprescion seen 1n depleted muscles 1s rapidly

reversed to pre-conditioning levels wWwithin seconds. At o minuﬁes
the potentiation has almost dlsqueared. This difference in time

course sugaests two different mechanisms are 1n effect.

Uporn closer inspection of the traces in Figure 7. ane can

see that thRe derivative curves appear bumpy.. This faises the

A

question ot whether there 1s 1ncomplete fustgy/;+ the tetanus or
whether this ig due to resgsonance of the measuring system. (he

Statham transducet%plus the apparatus attached to 1t did exhibit

-~

a4 low resonance frequency {(about 30 cps). Yet the ?requency ot

s

‘o



. ‘i.‘.m

s

Fiqure 8.

'3

Time course of the effects of a I second
conditioning tetanus on tﬁe maximum rate of
tension.deveiapment (+%) ot a subsequent 100
ﬁseq test tetanus (140—186 Hertz) in normal
(filied C}rcles) and creatine depleted (Ppeh
circles) muscles: The interval between the
conditioning and the test tetanus, t2, is
plotted on the abcissa in seconds, and the
maximum rate of tension develoﬁment (+T) in
Nsec—* is plo;téd on the ordimate. Each
series of points represents one animal. The
dotted lines indicate the maximum rate of
tension development during a preconditioning

100 msec tetanus.

=
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these bumps seems to coincide with the tetanmic stimulus interwval
ot 6.49 msec €160 Hertz). Additionallv, i1t can be very clearly
seen that the very first bump i the normal +1 curve is greater
1in amplitude following the | second conditioning stimulus than

tor a sinagle tetanus. In depleted muscles this first bump looks

NG

These considerations sugaested the néed for a better

smaller.

transducer as well az the i1dea o+ 1investiqgating the effects of
the condrtioning tetamus on a single twitch response. Thus in
Fart 11 we used tihe more sensitive kulite strain gauge and

3

doorted at posttetanic twitch responses.

Fart Il

- prelimiﬁary seri1es ot experiments were performed in which
we varied stimulation frequenev with the new transducer. In | .
order to get a smooth response and é ma: 1 mum rate of tension
development, we needed a frequency of 00 — 400 Hertz. Thus.
intervals of less than about  msec between pul ses are.réqu1red
ta fuse the twitch.respcnses and obtain maximum activation.

.

1y 81ngle twitch before and after a tetanus

Twitch records were obtained both 100 msec before and 200

msec atbter the | second conditioning tetanus from-normal and

[y

creatine depleted muscles. The data 18 given 1in Table o. Agaln.

.
.

it

an sy,

b
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Table 4. Comparison of twitch contraction parameters before

and after a 1 second tetanus from normal and

creatine depleted EDL muscles from SO day old rats.

BEFORE
- x-: SEM
T 7 246.5 %+ 8.0 aN
" NORMAL  +T 7 39.9 £ 1.9 Ne-+
-t 3 18.3 + 0.9 Ns-1

T 7 237.7

I+
-
N
A
3

rd

TREATED +T 7 39.32

"+
I
w
d
o
|
-

=T 7 16.5

"+

:1.1.Ng—2"

AFTER

1
~

66.7

34.6

150.1

24.3

1+

I+

i+

1+

SEM

- 24,3

I+

+

Ng—1

Ng—1

7% CHANGE

+76.8
+&67.72

+89.1

-36.8
-38.2

~-56. 4
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T. 1, and -1 were measured +rom the recorded traces. As 1n
Fart I. the contraction characteristics ftor a single twitch

remain unchanged bv creatine depletion however the values for

‘the derivative of tension are higher in animals from Fart 11

tsee Table 5;».

L ] i -
Twitch tension and +T are both nearlv doubled 11 normal

muscles and decreased by about 40% 1ﬁ depieted muscles followlng
a | second Eetanus. -1 15 also nearly doubled in normal muscles

while 1n depleted muscles 1t is decreased by about &0%. This

information is presented grapbically in Figure 9.

For simplicity and ease of campari:son the remainder of the
deata On twitch responses are expressed as a ratio o+ atter to
betore the tetanus. ‘Fotentiation of the respaonse 15 theretore

indicated by a value greater than 1; depression of the(;gsbonse
by a value less than 1.

<) Variable interval between the tetanus and subsequent twitch

Figure 10 shows the time course of posttetanic twitch

potenﬁiation and depression. The ratio of post— to pre—-tetanic

tensi1on (T=/T7T,) again shows a long lasting potentiation in,
normal muscles and a short lasting depression 1n depleted
muscles (FiQQre 10A) . Depleted muscle recoyers rapidly from the
démress1on bu£ rather than remaip at pre-conditioning levels as

observed with tetanic contractions 1n Figure 8, 3t develops



Figqure 9.

L .

“ .
Recordings of twitch tension and its derivative

.before (left) and 200 msec after (right) a 1

second conditioning tetanus in normal (top) and

Ettum) rat EDL muscles. In

creatine depleted (b
each case the lower trace is tension in newtons

(N) and the upper trace is the derivative of .

tension in newtons per second (Nsec—1%)

)
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Figure 10. Time course of the effects of a 1| second
conditioning tetanus on the ratio of the
A. twitch tension (Tle,;,'B. maximum rate
of tension develobment (+%=/+f;), and C.
the maximum rate of relaxation (—%2/—?1) of

- twitches delivered 100 msec before and a

variable interval after the tetanus in normal
(filled circles; n=4) and creétine depleted
(open circlég; n=7) EDL muscles. Posttetanic
stimuli were deliVere? at 1ncreasing intervals
(tz) from 100 msec to 120 seconds. When the
100 msec interval was reﬁeated at the end of
the protocol the fesponse was very similar to

that obtained at the start.
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“pctent;at;bn which, although of considerably 1es$ magni tude than

normal muscles., is also lonaq lasting.

-

-
The time course bf the eftects of the conditioning stimulus

on twitch +T and -1 1s quant;tétivelv similar to that just

.

descraibed tor twitch tension and is shown 1n Figures 10RB and.
1oL, respectively. fhe_cross—over point from depression to
potentiation in depleted muscles occurs consistently between
the v.% and 1.0 second 1nterval for all three twitch
parameters. There appears to be at léakt twﬁ drstinct phases
1n the time course of the responses 1n depleted muscles: an
early rapi1d phase and a later slow phase.

-y

3 Variable duration of conditioning tetanus

The observat1mn that early pqsttetanic depression of twitch
T. +7 and -T 15 reversible 1n.creatine depleted EDL muscle led
to the question of what effect the duration at the conditionan
tefanus has on this depressﬁoq and 1ts reversal. With short
tetanic durations., fram 100 to So0 msec, the depleted muscles
éxhxbxt a small posttetanic twitch poiéﬁtiatian (about 20%)
while langer durations exceeding oV msec are accompanied by

depression of twitch T, +%, and -T (Figqure 11).
4) Multiple pulses before and after the tetanus

In order to better distinguish the mechanisms behind -FTF

Q .



FYLINEN

Fiqure 11. Effect of varying the conditioning tetanus
duration on the ratio of A. twitch tension
(T=/T,). B. the maximpum raté of tension
development (+?=/+%1). and C. the maximum _
;ate of relaxation (-T:/-%t),in ncrmal_
(filled circleg) and creatine. depleted {open
Circles) EDL mussles. Duration of the tetanus
is plotted on the abci;sa and ranges from 0.1
to 2.0 seconds. Twitches were delivered 100

msec before énd 200 méec'after thé tetanus.

Each point is from one animal.
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"experimedts established that the maximum 1e§el'o+ activation is

4 . -
. n - 66.
in narmalfmuscles and FTD in debleteq muscles, we lodked’at the

posttetanié'multiple pulsé‘response. A preliminary series of
: _
53

-
- .

achieved with four pulses 2.0 msec apart. Thatlis, +f'showed no

further change with either an increase in pulse number or a

Ll

chénqe in pulse interval. The curves displayed in Figure 12

illustrafe the rate of tension development for a single pulse

compared with multipie pulsés following the conditioning

stimulus. Both normal and depleted muscles show an increased

’

ability de@elop tension with i1ncreased activation irrespective

ot the enerqy demands imposed by the previous tetanus.

Table 7 contains the quantitative information on the ‘
multiple pulse responses. In normal muscles, T and +T are .
nearly doubled far a single twitch as shown previously in.Table

4. The potentiating eftect of the conditioning stimulus
. L]
) s ‘ , . .
progressively declines as the number of Pylses. increases and is.
LY

barely detectable in the four pylse response. In depleted

Fl

muscles the'depressina.g¥{ect of the 60nd1t10ninq stimulus also’

progressively declines with increasing pulse number. T and +7T

w
LY

.0f the single pulse ﬁesponsg'show about a 40% depression while
,—+'is reduced by about &O%, again as shown previously in Table

6. In contrast, T is reduced by t¥%, +T by 26%, and T by 42%

L .
with the four pulse response. Thg.curvga-in'Figdre 13 clewarly

show the,decliﬁe oflbcth potentiation and depression as théi

¢ -

curves +rom notrmal and’depleted puscles approach each other,



SR sl L

Figure 12. Recordings of the dqcivative of tension during

i, 2, 3, and 4 pulse contractions in normal

(top) and creatine depleted (bottom) muscle

before (left) and 200 msec after (right) a 1

second cond{tioninq tetanus. Multiple pulses

were delivered 2.0 msec apart. )

& o | La
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_Table 7. Multiple pulse response before and after R 1 second

/“\ conditioning tetanus in no}mal and creatine

-

depleted EDL muscles (n = 7 in all cases);

NORMAL : DEPLETED

N* BEFORE AFTER BEFORE AFTER |
ot 246.5+ 8.0  435.7+24.3 237.7+#12.3  150.1+ 9.4
1 +T, 39.5: 1.9 66.7+ 3.2 ' 39.3+ 2.3 24.3+ 1.6
-1 {7.3¢ 1.0 34,6+ 1.8 16.5+ 131 7.2% 0.6
T B38.6#23.2  931.0%29.1 724.1+37.4  463.9+25.4
2 +T  @s.0t 2.7 :100.61.1.9 © 76.44m3.2  47.7% 2.1
- 48.6% 2.4 S9.2+ 2.8, 40.9+ 2.6 17.7+ 1.4
T 1083.8321.8 1089.6+30.9 961.4:41.4' 723.813§.5
3 +F '96.4%+ 1.7 102.0+ 2.2 88.2+ 3.2 60. 1+ 2.4
C -1 57.1+ 3.2 65.1% 3.9 S1e 3% 3.0 26.3% 2.0
J T 1129.5#26.1 1147.9:28.4  1055.8241.2  B71.6%39.6
4 +T  92.7¢ 1.5 99,9+ 1.1¢ _90.1£ 2.9 65.8% 2.5
o S8.2% 1.6 63.1% 2.9 'S3.3+ 2.6 30.7% 2.2

\

* N = the number o pul ses

- all values expressed ag.mgén + stantdard error
units for T are millinewtons (mN)
units for t% are newtons per seconﬁ\(Ns*‘i

- ' - .

.—".—k“ r f“- *

of the mean

»

&9



Figure 13.

Effect of a 1 second-canditioning tetanus an

the ratio of A. tension (T=/Ty), B. the

‘maximum rate of tension devel opment (+?=/+f;),

and C. the maximum rate of relaxation (-Tx/-T,)
of mgliple pulse responses delivgﬁed 100 msec
before and 200 msec after the tetanus in gbrmal
éfilled circles; n#é) apd creatine depleted

{open circles; n=7) EDL'musEles. The number of

0w
>

- .
"pulses is plotted along the abcissa. Multiple

pulses were delivered éle‘pse: apart.
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DISCUSSIDON

DEPLETION TECHNIQUE )

1) Growth rate and muscie size

-
*

)

As outlined briefly in the introduction, GF feeding haé been’
shown to have effects other-than the alteration of creatine
metabolism. Shields and Whitehair (1973) reported a decreased

.

food intake, weight gain, and litter size in pregnant rats fed 1

cor 24 GF in their diet during thé last week of pregnancy. This

effect on food i1ntake and growth rate was not observed in male

weanling rats fed 1% GF for 20 days.

In a subsequent investigation, Shields et al. (1975)
observeq that GF feeding results in decreased }ype Il fibre size.
Expregsed as a ratio qf mean fibre area (iq square cm x 2.5x10—9)
to body weight,: type 1l fibre size of gastrocnemius muscles'féom

GP-fed rats was 2.27 + 0.11 comparea,with_S.Qb + 0.27 in normal

rati‘bFitch_et al. (1978) reportedrthat plantaris fiuscles of

-

GP-fed rats weighed only 71% Qf normal after adjusting for

differences in body weight but that soleus muscles were of
nbrmal size. These findings indicate that both bodyﬁreight and

muscle size are decreased in response to GP feeding.

Since in the studigé mentioned abave all animals were given

food ad libitum, it is difficult to determine'whether GP itself

Tmrmirdmr
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has a specific effect on tctal'body growth, whéthef thg size. -
effect is caused by decreased food intak;, or both.' In this
present investigation, the same amount of chow was given to both
control and treated rats each day to eliminate tha effect of

differences in caloric intake. This feeding technique has been

described previously (Mainwood et al.,’l?BZé). - N

In spite of ccnt?ollinq food intaké, we still observed a

1éz reduction in the mean bcdg weigﬁt of rats fed .GF from 5 davys
old while those fed GP from weaning only weré not significantly
different from no?mal {Table 2).‘EDL muscle weight.ﬁas réguced

by 24% 1in the group fed GF from S?ﬁays of age and by 2% in the
group fed GF froé\weaninq. Thus, although GP feeding from S days

of age produces no further reduction in total muscle creatine
(}able 1), it does seem to reduce total body growth and to more
markedly reduce muscle size. It mustmbe kept in mind however, ~
that‘there are dif#erenq?é in duration of GF feeding between the

two analogue-fed groups, and tpe above obséﬁyations may involve

a time-related effect.

A minor flaw in our controlled -feeding technique is that
during the first two days on solid food the'GP—fed animels
usually eat a_#ew grams less tham controls. A simple'improvem nt

may be to start off with a smaller quantity of chow and
. . ‘ N -
gradually increase it to 10 grams.

-

The fact. that GP-feeding from weaﬁing has no effect on b ¥

* i

Ve
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weight but s?gnificéntiy redﬁces muséle_size suggests that GP
does in%erfereegith some aspact of’muscle grﬁwth. it-has‘been
repcrted that creatine stimul#tes acgin and myﬁsin synthesis in
differentiating cultured skeletal ﬁuscle cells (Ingwall ef
al., 19%2. 1974, 1976) -however this work was I;ter chal lenged
and evidence was presented that creatine has no effect jon
contractile proteiﬁ synthesis in devélép{ng muscle (Frjy and
Morales, 1980)._It iétstill possible that a certatin leQ'l of
creat;ne 1S necessary to,sustéin normalrmuscle growth hgwever
further work must be done to determine if the observed~grnwth,
retardation is due to reduction of muscle creatine, to.a toxic
effect of accumulated GF, or both. The possibility that GP
accumulation exerts an effect on the molecul ar structure of
muscle cells should be considered.

t

2) Biochemical changes

N -

'_Dur biochemical data clearly show that we successfully
depietéd the rat EDL muscle of creatine and creatine phaosphate,
however there are some differe s between the assay results in.

| |

Fart I (Table 3) and Part II (Table 4). The largest discrepancy

L}
is ir the total creatine content. Following hydrolysia of

creatine bhosphate. normal huscles contain 2I.0 + 1.4 umol of
P
tatal creatine per gram wet muscle weight in FPart 1 and 30.&6 +

0.4 pmolg~* in Part II. This corresponds tg. about 9.1 and 18:9 »

pmol of free creajine per gram in Part I and. LI, respectively. A -

similar difference is seen in the mean total GF content betweenn

by N
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the two treated groups: 13.4 + 1.3 pmolg~* in Part I and 29.5
+ 1.1 pmolg;* in Part I}. The values d;tained‘for-total
creatine and GP in-Part 11 are.reasongbly close to those values
reported for the fast twitch plantaris muscle by Fiteh et al.
(1978): the -total creatine content was about 32 pmolg—* and

the total GP content aboﬁt 34 pmolg=!. Shields and Whitehair

(1973) measured about 3I7.1 Humolg~* total creatine and about

33.1 pmolg~=?* total GP in rat gastrocnemius. N

- - .

»

Such a large di++erence'in thegamean creatine content between
the two groups of control muscles and in the mean total GP
content between the two groups of depleted muscles is difficult .

to account for ahd cannot 'be explained at this time.

AN ‘interesting result of GF‘ feeding is thatl ,TF‘ levels are
reduced (Fitch et aI.,.1974. 1973: Mainwood et al.; 1982b).
Our depléted EDL muscles had ATP levels.ranging between 24% and
6% of normal. The reason for this reduction that apparentiy

,accombanies GF accumulation is unclear. However, ADP content is

also reduced, by 25%, (Fitch et al., 1974) which suggests a
. ! » R
. net loss of adenine. The possibility that GP interfereq}with
adenine transport and/or metabolism remaihs an interesting point
to pursue., -
Muscles from GF-fed animals clearly have a reduced

dtilizable high energy phosphate poecl (ATF + CrPF). Although GPP

cad/accumulate to levels in excess of 30 pmolg-* (Fitch et al.,




1974, 1973; Petro;sky and Fitch, 1980}, it is generally
;cceptéd that this phosphorylated analdgue is a poof substrate
for creatine kinase and‘is insignificant as a high enérgy
phosphate donor during muscul ar activity (Fitch and-Chevli,

1973; Chevli and Fitch, 1979; Mainwood et al., 1982a).
[}

Perhaps more i@portant than the reduction in high energy
phosphates is the effect the altered relative energy substrate
concentrations (AT#. ADP, Cr, and CrP) have on thevfree.eﬁerdy'
charige of ATP hydrolysis (-dG/dg). As discussed by C;rtin.et
al. (1974), dG/dyg «is a measure cf the chemical energy
available te do work. The'estimated —dG/dg is reduced by 10.2%
in Fart I and by 7.6% in Fart 11I. Accordin&'to Dawson et al.
(1980)‘;ery 5ma11.chah§e§ in -dG/dg can have large e+feéts on
those processes requiring AT#. This becomes important when
considering the possible mechanisms behind the "obs rvg&
contractile cﬁ?nqes and will be discussed at—g(eate llength in

. the appropriate section of the discussion.
e
3) Basic contractile parametefs

LY

As shown in Table S (Fart 1) and Table & (Part II), basic,
twitch-parameters of normal EDL mpecles are not different from
those of depl'eted muscles. Since the depleted musclles are

smaller, yet they develop the same absolute #ension as normal

muscles, the tension development per unit area must then be

greater tﬁan normal; Althéugh the mean-normélizéd’values-for

. .
‘4 v

L e



L
S

. S 77
tension and its derivative are higher than normal, the

variability is large and the differerce is not statistically

significant.

The tetanic contraction chara:téristics on thé other hand,
show a decreased ability of depleted muscleg to develcp‘tension'
as well as.q slowing of-bnth the rate of tension deveiopment.
and the rate of relaxation (Tasle 3). The rate of relaxation is
the parameter most aife:ted~bv_GP feeding and is the only one
to rema1nrsigni+icant1y different after normalizing the data
for cross-sectional area.

4 | : '

The maximum rates of tension development and relaxation are
greater in Part II tﬁan'in_qut I, giving the impreasion that
muscles from Fart 11 are faster. Although a'detaileq
stagistical comparison was not made, the times ;o peak tension
do not appear differeqt‘betweéﬁ Farts I and II. The most likely

explanation seems to lie in the improved response

characteristics of the kKulite strain gauge used in Fart II,

[EYPNEPTY
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FOSTTETANIC EFFECTS ON THE SINGLE BRIEF TETANUS

1

In Fart I of the contractioﬁ studies dg showed that the fast
twitch rat'EDL extHibits s;ﬁilar contractile charactéristi;s to
the diaphraagm when depleted of creatine: namelv..foilnwing 2
sindle tetands the maximum rate of relaxation (—}) 1s slower
than n;rmal and 1n response to a series of tetani1c Qtimgli (3
per secand; the maxlnum;rate-o¥ tension development (+})
decreases as tée contraction number increases. in norma{ muscles

- . . A ' .
+T 1ncreases with the coftraction number (Fr'gure S). Further
. +
intarmation obtained fram this muscle preparation 1s that.the

LAl -

maximum effect on +T is reached after a total stimulation time

of 1 second and is independent of series or continuous tetanic

stimulation ‘Figure o). . -

The relatively long lasting potentiation of +T in normal

muscle and the rapidly reversed depression of +T 1n depleted

‘ : | . LN
muscle during the test tetanus (Filgure 8) 1ndicate that

difterent mechanisms underliile the ettecte of a conditianing

stimulus 1n the two muscle aroups. '



POSTTETANIC TWITCH RESPONSE o .

¥

In Part El cf the contract1on studles we examined the effect

.

af a tetanus on a subsequent twitch contractlon in nnrmal and
depleted mugcles: The_striginq effect of tetanic stimulation‘dn_

twitch responses has been known for some time and we.8gcame -

tnterested 1n this as a potentiallv more sgnSitibe indicatar n{

the effects of decreased creatine Rhosphate levels-on the )

contractien process.

-y

Followimg a 1 second-tetanus at.lQO_Heth. all three.twitch
paraqetgrs (T, -i. and ++) are hearl# doubled 1n nmfmalnmuscfes-
while 1n creat;ne'depleted &ustles T and ¥f are decrea;ed by 40%
and -T by 60% (Figure 101, Once again, the rate of rglaxagxon

N !
seems to be the contraction parameter most affected by creatine

depletion. Fosttetanic twitch potentxation (FTF) has been

prevxouslv cparacter1*ed 1n the fast thtch—rat EDL (Close and

Hoh , 1969' }rarup. 19817 and pbsttetanlc tw1tch depresaf/H (FTD)

has been descr1bed in slow twitch muscles of the rat (Close and

-- *

‘Hoh, 194%) and cat (Buller et al., 1961}. Reversal of PIF in

previously 1n the literature.

fast twitch muscles dpes not appear to have been [ethtéd

' Claose and Hoh (1958)_0@%&fved‘@9 chanqa‘}n‘contraft;pn“tdme
ot the.pwﬁehtxated‘;yitch\deLivereddlb seconds afger_a 1 ?ecohé'l
300 Hértzgtetand; (twitch pehsxon‘;aé aaaut”dnublédﬁ. Qltﬁdggh.a
deEﬁ}led.énalys1s of this paradééer was ﬁot made 1n this- '

- -

. . . -’
- ' - e
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investigation, the fact that the same pofentiation is observed

-

in twitch T and +7 indicates that the twitch contraction time (

- - : .- ‘
remains unchanged after the tetanus. kiardp (1981) found little

b ]
_Epghqe in twitch contrgction time 2 seconds after a 1.5 second

125 Hertz tetanus and twitch tension was more than doubled. Thus
the normal EDL muscle develops more twitch tension at a faster

) o » | X
rate and also relaxes faster foll ing 1 second of tetanic
stimulation. By comparisan, depleted'mhscle develops about'hal+
the pretetanic tension at about half the rate and relaxzation i's }

substantially prolcnqed. The posttetanic depression observed in

slow twitch muscle is quite dif+erent from this. In the cat

\ . : t
.soleus. a markted depressign 1n twitch tension devel opment

occurs. but 1s accompanied by shortened contraction and half B

: J :
relaxation times and only a slight depression in the maimum

L4 .
rate ot tension development occurs fpilowlnq a i secand 100

Hert: tetanus \Eullgr et.al.ﬂ 1981). 1his difference, plus £he
+actnthat.the depleted muscles show no cha?acterlsflgs of
slowing during a single {wit;h {(Table &), i1ndicates that
cregtine depletion 1s probably not assmeiated with fibre type
conversion, l.e.. from fast to slow.’

Jhe di++erencé in the tlmé.coursé o+ recovery from the

. L :
posttetanic effects between normal and depleted muscle is guite

' “~
striking (Figure 10). FTF in normal muscles declines slowly and
' .
has disappeared by about Z minutes while FTD in depleted muscles

recovers within | secohd and iz followed by a FTF about one-—

third normal which also disappears by about 2 minutes. Close



soleus following a 300 mz

3

‘and Hoh' (19687 observed complete recovery from PIP 4 minutes

atter a 1 second 300 Hert: tetanus and.krarup {1981) ;eporfed a
.
recavery from a 1.5 second 167 Hertz tetanus was complete

]

within 5-10 m}hutes in narmal rat EDL. Both €lose and Hoh

-

(1968) and hﬁafup {(1981) elicited a series of twitch N

contractions following 'a single conditioning tetanus to obtain

»

their FTP timé course data which likely delays recoverv f+om

potentiation andﬂbbscures somewhat the real effect £he time
iaferval has on the twitch response. It 1is evident however,
thaty FTP 1n ‘normal muscles consistently reéovers w;thin minutes
and that‘depleted EDL muscles exhibit iwo dlq;inct phases to

the,pogft tanic recovery process: earlv depression and later

Dotentlatjon.

Interestinalv. this early depression is replaced by a small

b

potentiation when . tetanic duration 1= less than SG0 msec
{(Fiqure 11). At wvery short tetanic durations (100 msec) rormal
and depleted mustles develop the same degree of potentlatlmn

but their responses beqgin to diverae at durations of 200 msec.
. 4 ~

Buller et al. (1981) reparts that FTD is maximal in the cat

|

ec luu‘Hert: tetanus, it requires morw

than 109 secaonds for com

lete recovery, and the recovery shows

both an earlv fast and a later slow phase. Although there are

-

manv ditferences in the FTD between the creatine depleted EDL
and the normal sulegs. there is one 1mportant similarity. FHoth
exhibit an earlv fast phase of recovery with'a time course of

about 1 second.

81
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' seems to involve an interplay between two opposing proceségs g

. . . _ . .. 82
POSSIBLE MECHQNISMS BEHIND PTP AND PTD: . * .,

- . *

-

The posttetanic twitch'‘response in treatipg‘depleted muscle .

*

which are  dependent on.feténus duration. With very short tétanic.
durations pétentia;ion dominates and a; the duration increases,
depression becomes acminapt.~The early twitch depression
following ;dﬁg tetanic durations suggesté that eithér-the energy
supply becoﬁes'éxhausted and-iimitqntha rate of cross bridge
turnover the'muscle can support or that a pralcnged|stimu1u§

somehow limits the activé??ﬁﬁﬂgfap in a subsequent response. In
. ]

this paper activation is defined as the process that switches

on Dr'activafes_Eﬁé'myofibrils and represents the steps

between the mugfle action pquntial'and the developaent of

tension. Whﬁtever the mechanism is that causes PTD, clearly it

is rapidly reversible.

To M stinguish between these two possible mechanisms of FTD

we invéstiqated whether we could incnqafe.the pdéttetanic
. 5

response in depleted muscle by increasing the number of pulses.
A variaﬁle number of pulses (from 1| to 4) were delivered to
elicit a well fused summated contraction before and af;er al
sec9nd\tetanu5. Four pulses 2 msec apart were required in both
normal and depleted muscles for cumplete activation. If the
enerqy limiting‘hypcthesis is true; we reasoned that the PTD
observed in dEpleted muscles would become eveg greater if a

greater energy demand is imposed upon the muscle following the

-
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tetanus. Table 7 shqws the poé%fetanic tension was increased
more than S t1me; in depleted muscles by 1ncrea51ng act1vat1gn
thh 4 pulses. This is not just a result of a lnnger
coptractian since the maximum rate of tension devel opment (+1) !
is increased more than 2.5 times. By cdmparisun. tension is
increased only 2.5-%old and +T only 1.5-fold in normal muscle.
Thus, normal muscle 1s claoser to being maximally activated by a

sinqle gosttetanic_stimglus than depleted muscle. Thé fact that
depresston in depléeted muscle élmo;t disappéars when activatién
is mpaximal with 4 bulges (Fidure fé) makes it qu:te clear that
th level af ATP in the myofibrils is not the most important
factor in the early FTD and that the myofibrils are not

adequately activated by a single stimulus immediately after a

long tetanus.

This decreased activation in depleted muscle implies that
either some component af excitation-contraction coupling
(ez?..,calcium release) is reduced or the sensitivity of the

myofibrils to calcium 1s altered. or both.

The above.arguments address the changes observed immediately

. -« ' .

following a | second tetanus (i.e., dithin thé first 500 msec).
The later.changés. atter 1 to 2 seconds, are long lasting 1n
comparison and are similar to but smaller than those observed in
normal muscle. The most likely explangtion for these_
observations is that some type of structural or molecﬁlar change

occurs 10 both normal and depleted muscles. Fhosphorylation of
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myosin light chain is a likely candidate for such a molecular
.changé‘and could'uccur ig both muscles but to different extents.
Manning  and Stull (1979, 1982) examined the phasphorylation of
light chain myosin in isolated rat EDL in relation to tetanic..
stimuiatioﬁ and found that following a ‘' second tétanus. the'
maximal iné%ease in phosphorylation corresponds teﬁporally to
-the 6ax1mal pétentxated twitch response and.béth decline at
similar rates. A témporal relationsh1p-wa5 also reported between
myosin'liqht‘chain phosphorylation (MLCP) and the potentiated
twitch response during low frequency stimulation at S Hert:z 1in
An Fi1tu rat.qastrocnemiuslmuscle (Klug et al., 1982). These
observations sugqgest an interggting role for the phuséhorylatéd

light chain 1n modifying contraction during potentiation. Since:

the aequoarin response during the posttetanic potentiated twitch

Tin frog muscle indi;ates/{hat the amount of calcium released by

-
a single action potential is decreased by a previous tetanic

stimulus (Blinks et al., 1978: Figure 8) MLCF mav modul ate
contraction by increasing myofibrillar sensitivity to calcium.
The mechanism by which MLCF ccufd lead to such a_thaﬁge in

4
calcium sensitivity cannot be established at this time.

" 1f potentiation can a does occur in the depleted muscles,
why then 1s it delayed and what 15 responsible for the early
depression? Any potential answeré to these questions are purely .
speculativg at this point since there is no direct ev{dénce to

support them. . ' e ‘ .-
r ' -
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The delayed potentiatipn could be explaﬁped by two things:
either it is superimposed upnh a much gkéaten Hdepression which
temporarily masks 1t, or the process_causing#potenti#tfoﬁ

(presumably MLCP) is delayed. Because eariy potentiation_was

»

obseryed following the short tetan:i, the first possibility is

”

mcst‘likelv.

. : - L

-

The early depression, as mentioned earlier, is evidently due

to a process that is rapidly reversible. It is generally

- - -

accepted that while ATP hydrolvysis generates H* ions (Alberty,

1969) ., CrF hydrolysis consumes them (Curtin and Woledge, 1978).

In normal muscles, while ATF 1s being recycled during activity, \§

-

a H* 10n aradient mav be generated by creatine phosbhate

breakdown making the microenvironment_around the myofibr@ls '

- i

. = .
relatively alkaline. Evidence for alkaliﬁity in muscle fibres

. e
following activity was presented several decades ago (Meyerho#
. - .

and Lohmann, 19283 Fiske and Subbarow, 192%9a: Dubuiséon. 1954) .
Dealeted muscl eg, wi%h their CrF levels reduced ;n 4% of normal,
have a reduced ability to buffer the H* ions generated uponu
ATF hydrolvsis and a sudden burst of activity could genérate a’
transient local pH qradiéht in the opposite direction. The
efféct of H* 1ons on force devglobment in rabbit (Donaldson

and Hermansen, 1978) and frog (Robertson and Keérick; 1979)
muscles has been investigated. Decfeasing the pH apparently
shifts the force-pCa curve toward 1ncreasing calcium

: y . ) I
concentrations. Thus, as the (H*]1. increases, more calcium is

required to achieve the same tension development. Such a

-

B - TTmrmmr e T s e



mechanism could account for the time course of PTD since a local”

proton accumulation could répidly Hisapﬁear by di#fusibd.

Table 7 shows once again that the parameﬁer most sensitive

to tetanic stimulation is the rate of relaxation. -T is reduced

by 56% in depleted muscles and Increased by 89% iﬁ normal

—

musclgs during a .single posttetanic twitch.—Relaxaticn'can pe
slowgq by reducinq;the ra;é of cross bridge detachment, by
reducing the off vate of calcium from troponin C, and by
reduqiné the rate of calcium reuptake into the sarcoplasmic
reticulum. Since the ATF availability is‘sufficient to support-a
areater posttetanic cantrqctidn with multiple than with single
étimuli, it 15 unlikely that ATP ievels around the myqfibri!s
become low en;ugh éo limit cross bridge kinetics during either
tensron de@elopment or relaxation.
L

Therefore, our evidence most strongly suggests that the two
components of contraction most affected by crégtine depletion
are: 1. calcium release — myofibril activation and 2. myotibril

deactivation —» calcium reuptake which alter tension devel opment

and relaxzation, respectively.

Since the evidence and the arguments presented above tend to

ngqate'the:hypothesis that the reduced energy stores limit cross
bridge cycling, these reduced stores must be affecting

contractile performance 1n some other way. A simple calculation

of the expected energy cost of a 1 second tetanus based on a
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ccntractxan maxntenance heat of 132 mJa-is-1 (Wendt aﬁd,

bebs, 197;) and an enthalpy chanqe of 34 kdmok- for Crp
] * i . ..
n(Curtxn aﬁd woledqe;_1978) shows that about 4 PLDI “F/gram of

muscle 14 requ1red. The ATP and CrE supply would be exhausted

[y

he+nre the’l second tetanus is over at this energy utilization

-

rate. What 1s happening i1n the depleted muscle during the

tngnG% that a}lows the malnteﬁéncé ot tension and prevents
v : . )
(/rfﬁqor? Do these muscles undergo same metabolic adaptive process
W

herebv ATF utxllzaticn 1s altered™ Is there a rapid
reqeneratxon source t+ar ATF that can more qu1cl1v swztch on the
metabol1c enzymes’: Hre;the levels ot the metabolzc enzyvmes
1$creased? hthout knowing the answers to these questiops‘ft 15
'd1f+1cu1£ to évaluate-the relati1ve lmpoftance of‘hhe ATF and CrF
store as an enerqgy buffer in the depleted muscles.
Another potentially i1mportant an51derat10n is that some

fibre types mav be moré sensitive to creatine depletion than

others. It was mentioned earlier in this thesis that the rat

EDL has a mi:ed fbee‘;dmp051t10n (3%% FOG, EBi FG, 3% 50) and

L]
a

1t 1% possiblé that the posttetanic e++ects we ‘observe in
analogue-fed rats result from a dvsfunction 1in one of these

populations of fibres.

Reqardiess of how these muscles may adapt to chronic CrF and
ATF deficiency, it 1s likely that during the 1 second tetanus
the ATF level decreases and the ADF level increases. As

mentioned prgviously, changes 1n the ATF/ADF ratio will affect

o : S -V
. | . _
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-dG/d; aof ATF h§drolvsis which represents the effective driving
%

torce for contraction (z.e.,.: the energy availilable to do work).
\ o ) . \
ATF hydrolysisAoccurs at many points throughout the cell and

drives processes both directly and indirectly 1nvolved in the
mechanics ot muscle cantraction. Since —dG/dg 15 up to'10% less
1n resting depleted muscles t{Table 4) 1t may become limiting

during the poténti@tlon process and account for the smalier FTF
. ' "

It has been estimated that muscie spends about 1 mcal/gram
far calc1gm transport i1n a single twitch (Kobayashi aﬁa Sug: ,
19827 and total enerqy outpqt 15 2-7% mcal!q;am (Hasselbach and
Oetliker., 1983). With one-third o+:the total cellular enerqgy

needed for calcium transport, the change 1n ATF/ADF 1n depleted

8a

muécle‘should dramaticallv atfect calcium cycling. fhis leads to

4 possible explanation of. the effect creatine depletion has on

‘activation and deactivation of contraction. Hasselbach and

Uetiiker (1983) present the followina equation to describe the

-relationship between ATF and the calcium pump cvCcle: ’

iCan + ATF == 2Ca, + ADF + F, :

where Ca. is the free myoplasmic calcium and Ca, 15 the
stored releasable calcium concentration inside the sarcogplasmic

reticulum. Basic chemistrv tells us that,’

* lmm = [Cay IRLADFIEF, ]

Canl=LATF]Y . |
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This means that the'releaséble fraction of calcium within the //
sarcoplasmic reticulum*(Ca,) will decline during the | second. - <
L
‘tetanus 1¢f t%e ADF levels are allowed to rise assuming this - IR

system remains ciose to 1ts equilibrium. The successive
react1vatich§ duran'the 1 second tetanus in depleted muscle -
result 1n. a prodressive decline-in the ATF/ADF ratio which’

litmits calcium reuptake. Prcgr9551vely‘mcre calcium 1s left in

L4
»

the mycplasm to be mopped up by célcium bindinq_proteins. less -
‘1€ replaced wansi1de the sarcoplasmic reticulum, resuft:nq in a r
.progressive decline in the amoqnt of calcium released tollowing
an action poténtiqT: Increésed mvyoplasmic caléium levels will
slow tﬁe rate of caIc1um.disscc1at;Qn from trabonln C since more'
calcium binding siteg are occupired. At the end of the teFaaﬁs'
then."£he rate 9+ relaxat{cn 1s considerably slowed and during a
subsequent‘thtch the rate of tension devéloqﬁent 15 limited by
inadequate calcium reiéase. A transient proton load aenerated by
ATF hydrolysis could em%cerbate thas effect.on tensi1on ﬁ@
development. [hese two processes could canceivaplv overwhelm the

- ]
potentiation mechanism and cause the observed tran51enx FTD.

) . . . . : . .
It has been mentioned several times in this discussion that
the maximum rate of relaration seems to be the mast sensitive

contractile parameter to 'the effects of creatine depletion. 1t

1s not clear why the deactivation step should be atfected more
than the activation qtep if altered talcium dynamics is the

mechanism respons1hle.'However. it was refenply reﬁanted that

ADF may enert an 1nhibi£or9‘influence on Ccross b?iﬂqe detachment

-
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- . - * * ' A2
- (Dantzig’et al., 1984) which could add t& an already slowed
. (calcium reuptake. ' A . .

" CONCLUDING REMARES . .
- - . »

. ’ ) .

"

We are proposinag that, following a tetanus, creatine

depletion primarily affects the activatidn and deactivation

5teps.n+ contraction i1n fast twitch muscles and that this effect

C Ay be.expressed throuah altered calcium dynamics resulting from

an alteration in the relative energy substﬁaté concentrationsn

. t 4
Other potentially important effects are ¢ depressed free enerqgy
change of ATE hvdrolysis, and an 1nability to buffer the H-

. tons generdted upon ATF hydfolysis. It seems that the primary .

- raole of the creatine-creatlhe pHosphate system in fast twitch

muscles isy 1n fact, to buffer changes in the ATF/ADF raiic.
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