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SUMMARY

1 t.A study was made of the phosphocreatine breakdown in anaerobic iod.oacetate-

poisoned muscle associated with one or several isometric tetani at oo.

z.T}re rate of phosphocreatine breakdown in the course oftetanization, apart
{rom the earliest moments, \Mas o.2B pmole/g/sec. This was constant for up to 6o sec

until the near-exhaustion of all phosphocreatine, although the tension decreased by
o.8g% per sec, and was not a.ffected by dividing the period of stimulation into
several separate tetani.

3. This rate of phosphocreatine breakdown is consistent with known values of
the maintenance heat if the apparent enthalpy change for phosphocreatine hydrolysis
and associated ionization changes amounts to 

-roooo 
cal/mole.

4. An extra-metabolisrn was found which was proportional to the number of

tetani and not to their durations, and which averaged o.33 pmole/g/tetanus.

5. A small part of this extra-metaboli-sm is due to elastic work and internal
shortening during tension generation, and a larger part rnay represent the residual
activation heat during relaxation. The remainder appears insufficient to account for
the "labile part" of the maintenance heat, at the present state of knowledge. However,
several aspects of this problem require further examination.

n'
While it is axiomatic that the energy liberated in active muscle originates in chemical
reactions, it remains necessary to establish the identity of these, and to study the
quantitative connections between them and the amount of energy that is released.

In this paper, we shall repoft on such studies with respect to the biochemical changes

accompanying an isometric tetanus in the frog sartorius, over a time interval in which
the economy of tension maintenance changes.

Two quali,f,cations deûne the position of this investigation in relation to certain
proL,lematic points. First, white a splitting of ATP is regarded as the primary link
between activity and metabolism, no cases have so far been reported in which, in
physiologically stimulated muscles and without the use of additional inhibitors, this

lbb.""t"tion : PC, phosphocreatine.* Piesent address: Laboratoire de Physïologie Générale, Université d,e Louvain (Beigium).
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reaction couid be separated from the rapid transphosphorylation from PC. Hence,,
we shall discuss the problem entirely in terms of PC splitting, the more so since, i[
a cornparison with myothermic measurements is to be made, it is the enthalpy change
of the overall reaction which is reievant, regardless of its interrnediary reaction steps.
Secondly, whiie it has been impossible to detect a phosphagen splitting in certain
turtle musclesl, thus raising the question of a sepârately definable exergonic prôcess
within the contractiie structure itself, no such uncertainty affiicts the investigation
of the frog sartorius. Here, from the first moments of stimulation on, creatine and
phosphate are formed in equivalent arnountsz, so that the overall reaction of PC
splitting may be expected to dominate the events throughout a tetanus.

The aims of this work were derived from myothermal and mechanical investi-
gations which show that in the eariy part of an isometric tetanus the rate.of mainte-
nance heat production drops from a high initial to a low terminal rate. This was
first observed by HenrnEE AND Hru3, elaborated upon in several papers {rom the
Hrrr schoola, and finally specified by Aunrnrs, in terms of an initial "labiie" heat .

of maintenance which declines exponentially with a tirne constant of the order of \
r sec at o", and which is superimposed upon a "stabje" heat of maintenance. If no
other reactions occur, this change in power ought to be relatable to conjugate quanti-
ties in PC breakdown. This is the specific question studied in this investigation.

METHODOLOGY

The muscle preparation

Batches of male Rana pipiens were kept in the cold for several weeks, avoiding
the use of summer frogs. Before dissection, each animal was injected in the ventral
lyrnph sac with 3 nng of p-tubocurarine, pithed 3o min later, and left for a further
3o min in the cold. This procedure seemed to reduce,the variation between the two
sartorius muscJes of the same frog (see Table I, Variance uithin pairs). Themuscles

TABLE I
vARIÀBILITYoFTHECREATINECoNTENTsoFMUSCLESTHRoUGHoUTTHISINvESTIGATIoN

The given number of muscle pairs used in each set o[ experiments is distributed in balanced
incomplete blocks; the varianèe bets.een pairs and within pairs with the number o{ degree of

{reedom given (dl) was complted according to Frsnon ÀNo Yateslo.

^ Number of Variafrce bet@eetuuate , I
muscle pe|fs Daùÿs

,. Vdliakce .,dî ,_.. . aÎ
' @7thrtu DaLfs

ro/6o

n16o
rz 16o

t l6r
4l6r
5l6r
5l6r
6l6t
6l6r
6l6t

6

7
74
22.

r3
5

z8
Jf

5
r5

5

7
32
r9

8

38
48

24

Nom cwvavized,

3.99

Cwrari.zed,

3.oB
16.26
z8.rz
r4.16
o.96
2.O1

12.89
20.23

6.42

r.5. r 5

r.o5

6.t4
r.43
r.78

7

r6
9
3
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were then carefully dissected, being left attached pairwise to the pelvic bone, and
aerated with O,-CO, (S5:5) in Ringer solution (gS *m NaCl, 2.5 mM KCi, r.o mM
CaCIe, r-o mM MgSOn and zo mM NaHCOT), containing 3 mg »-tubocurarine in
z5o mI, at- 3-4" for r-3 h. They were then treated for r-3 h in a mediurn of the same
.eomnrosition containing also o.4 mM iocloacetate and o.4 mM lactate. After blotting
with tissue paper, they were mounted on the stim,ulation assembly of the rapid-
freezfu:Lgapparatus6, and kept in humidified N2-COa (95:5) for ro min at o-zo prior
to the experiment, which consisted of tetanic stimulation with 5-msec square pulses
froim a coirstant current device, just above threshold, at a frequency of ro/sec.

M etfu,an i c a|, ar t an g em ent s

The muécles in the apparatus were attached to cold-stretched steel wires by
r{reans of small loops of cotton string. This introduced some compliance, permitting
perhaps a few tenths of a millimetre shortening, which could have been reduced by

lJlghter connecting, but not without considerable manipulation of the muscles which
' we preferred to avoid. The steel wires themselves were consideredinextensible (rz ir, per
roo g load). Unless otherwise stated, the muscles were at standard length lo. Tension
'q/as measured by means of the isometric capacitance gages of this laboratory?, and
was recorded via a tuning circuit with a Sanbàrn record.àr w-ith rectilinear cooriinates.
The system had a linear response, and was occasionally calibrated with weights.

Biochemical method.s

These were the same as in the preceding paperof thisseries6. Freeandtotalcreatine
were measured in all experiments. As the mean total creatine did not change, the
hydrolysis of PC was simply measured by the increase in free creatine. ATp was
measured by the truciferin-Iuciferase methods, and the fuexose mono- and diphosphates
try a fliroromretric proceduree.

Design of experiwcrats

The muscXes were stimulated tetanically {or various d.urations. either with one
tetaous, or with several tetani in sequence. Thus a number of different treatments
had to tre compared. The variability between muscles from difierent frogs is much
g::eater fham the va-riability between the two muscles of the same frogs. By the
techaique of balanced incomplete blocks, it is possible to take advantage of the smaller
lvariarroe of the rnuscles wiinin the pair, even when the number of treatments is
Iarger tlan tworo.

Each pair of muscles was regarded as a block of z plots. With more than z
treaitroests to be studied simultaneously, the u treatments were cornbined two-by-two
in & balanced hnocks. The number of replications / v/as equal to ü - r ot a multiple
of this- llhe va::iau:.ces between blscks and within blocks, which are the variances
betqreen different anirnals and that between muscles of the same pair, were computed
with the stamd.ard techniques of the analysis of balanced. incomplete blocks. The
mÿaJls were corrected., and the standard deviations given below are those of these
correcterl lrleaûs- Tabtre I gives the residual variances per plot of the free creatine,
that betuieen arrimatrs Lreing greater than within a pair. The variances of the total
creatine were sirnila,r. They have been grouped in Table I according to the experimental
batches during the d.uration of this work. The differences may reflect seasonal changes
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in variability, but may also be coincidental due to characteristics.of the batches of
anirnals purchased or to differences in their treatment.

During a given tetanus, tension decayed slowly during 6o-8o sec, after which
it dropped abruptlyl If we define by 7 the tension of the muscle, the force at the tirne I
is given, with good approximation, by

T : Ts(r - pt) (r)

where p, the d.ecay constant of tension, was c.ooSg/sec, meaning a o.89 oo tension re-
duction per second of stimulation (see Table Vi) ; this value holds only ior the fi.rst
phase of the tetanus. In many experiments, the muscles received a number of tetani;
in those cases, the tension decayed as if the stimulation had not been interrupted. 

,

The abrupt decay which occurred during the second- phase was correlated with an \

approaching exhaustion of the PC, as will be shown below.

P ho sp ho cr eatine noetabolism.

Of crucial importance for the experimental d"esign are the questions whether
all observed. PC breakdown is connected with contractile activity, and whether all
of it takes place during actiüty, With respect to the former probiem, we refer to
a previous paper6, in which evidence is given that, with the treatment of the muscles
empioyed here, all or nearly all the PC breakdown is assigned to the rephosphorylation
of ATF used in contraction, oniy negligible amounts being utilized in the phospho-
fructokinase reaction. The second question was experimentally investigated as follows.

Groups oI rz muscles were tetanized for varjous lengths oI time, ancl were then
left for r, ro, roo and rooo sec after a termination of stimuiation. In Table II, the
results are segregated according to the time of rest between stimulation and freezing,
but are pooied with respect to the duration oI activity (there being no interaction
between the duration of the tetanus and the interval of subsequent rest). It is seen .

that there \ryas no indication of a post-stimulative breakdown; in fact, such delayed
PC metabolism is statistically excluded on the scale of magnitudes considered here.
There is no information whether after a twitch of brief tetanus some retarded break-
down may not occur within a second*. This negative find-ing cannot be expJained by \
a compensation of further breakdown of PC by its anaerobic resynthesis, since this
was excluded by iodoacetate**.

Certain other n-letabolic studies will be mentioned briefly. Occasional determi-
nations o{ lactate gave amounts of the order of o.o3 F,mole/g, iliustrating the effective-

" If in other experiments a post-stimulative breakdown of PC 'were to be encountered, it
would stand to reason that this rnight be ascribed to occ_uirence of the phospho-fruciokinase
reaction: in the present work there *as no accumulation oi hexose phosphàteslsee below).

" We are aware that, even in iodoacetate-poisoned muscles. transient positive or negative
phases of reçovery heat have been detectedll. We believe that those might be due to rèactions
of NAD+ or NADH with glycolytic intermediates. As far as we can see, this could only be a
forrnation of phosphoglycerol from triose phosphates, or a Jormation of pyruvate from.lactate,
oY a formation.of phosphogluconate {rom glucose phosphate.'None of these reactions are phos.
phorylative, and anyway the available amounts oJ the reactants are too sma1l to be of significance
on the scale considererl.

Biochim. Biophys. Acta, 7o (1963) y-67
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rress of the suppression of glycolysis by iodoacetate and otherwise. The ATP levels
averaged 2.35 * o.r8 (a:21) ÿ.moles/g, with no systematic differences connected
with activity. Two determinations of hexose monophosphates and of hexose diphos-
phates plus triose phosphatese indicated no changes (Table III), in keeping with
our present knowledge of the absence of esterification6,e under these circumstances.
This point is of significance, as discussed above, since phosphorylation of hexose
monophosphates would entail a utilization of PC linked with contractility. A small
amount of such utilization might be concealed by a balance of formation and phos-
phorylation of hexose monophosphates, or of formation of hexose diphosphates and
reduction of triose phosphates. However, the findings excluding a post-stimulative
breakdown of PC limit these possibilities to very small quantities.

J/

INDEPENDENCE

S.D., standard deviation

TABLE II
OF PHOSPHOCREÂTINE BREAKDOVr'N OF THE TIME INTERVÀL

ÀFTER TIIE TERMINÀTION OF ACTIVITY

of the means on the same row; n, number of muscles which received
the same treatment.

Tdfre bel@een efrd
olletafrus and, Free crcaliru

freezing ( pmlelg)
(sec)

Totd:l c/ealiæ t

( pmolple)

I
IO

IOO
IOOO

I4.I
r3.5
r4.6
r4.1

30.7
28.6
29.4
28.7

s.D.
n

o.72
9

r.7 t
6

TABLE III
ÀBSENCE OF ESTERII'ICATION DURING BRIEF TETANIC ACTIVITY

T,'Èe ol sLinulq;liafl r tctafrw o! 6 scc 6 tetatui of r sec

llexose monophosphates (Tzmote/g)
I{exose diphosphates (pmoleig)

o.r9; o.34
o.4z; o.65

o.37:' o.27
o.84; o.56

o.r7; o.3r
o.46; o.89

S t i mu I ati o n p ar am et er s

A series ol experiments dealt with the efiect of stimulation frequency, comparing
stimulation at 5, ro and zo/sec. There was a trend towards increased metabolism
with increased frequencv (Table IV), significant as to t}re 5 aersus 2o/sec comparison,
not signifi.cant between ro and 2ofsec. This is related to the incomplete fusion and
lower average tension observed at the lower frequency. The present work was done
with a stimulation frequency of ro, while 20 has been used in some other investigations
from this -taboratoryz,6.

Orientating experiments were undertaken as to the effect of length upon mainte-
nance metabolism. At o.6, o.8, r.o and r.2 times thè standard lengih the rate of PC
breakdowir was detemined up to a 48-sec interval. No differences were obtained that
were correlated with the length, but the experiments were not regarded as tnal.

Biochiru. Bioÿhys. Acta, 7o (:,gQ) y-67
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P ho s p ho cr eatin e br e ak d. o u n da,t r in g o n a t et anu s

In a major experimental series, comparisons were made of_ the free creatine
contents after various iengths of stimulation, from o to r2o sec, appiied as one un-
interrupted tetanus (Table V). Jhe total PC breakdown rvas computed by subtracting
the free creatine o{ the stimulated muscle, and the results are plotted in Fig. r.
Within reasonable limits, identical slopes for the time curves were fotrnd for all
subgroups, spanning both relatively short and long tetani, no account being taken

. TÀBLE IV
PIIOSPI{OCREÀTINE BREAKDOWN DURING À TETÀNUS ÂT

DIFF'ERENT FREQÜENCIES OF STIMULATION

Each number is the mean of ûve experiments.

Frequercy Rale ol PC bleahdo@fr
(cycleslsec) ( pmolelglsec)

5 0.r7
ro o.2l
zo o.z8

, .IART-E ]/
FREE cREATTNE coNTENTS (F) rN uuscr-Es TETANIZED FoR vÀRrous LENGTTTs or rrlrn (0)

Muscles tetanized with one single tetanus of r".ior" duration 0; n is the number of muscles
which received the same treâtment; F, mean {ree creatine; I, mean total creatine, both in

pmoles/g: S. tension time in kg/cmz/sec.

Ërùts, No. 0 (sec) o 3 6 g 12 18 24 36 50 6o rzo

r F' 9.6 ro.9 1o.7 r2.4
69-82 S o 5.5 9.o r5.4

n6666
z F 9.o rt.2 r2.g r5.o

83-88 ,S o rr.8 25.6 35.2
T "4.9 

28.5 23.9 25.6
1'.t3333

3 F 9.r \2.o r4.o 16.2
g7-t25 S o r2.o 2z.S 4o.g tT 3o.Z 28.6 29.4 28.7 !

NI2T21212

4 F 9.r 16.2 24.3 33.3
ttr-rz6 S o '4o.9 87.6 138.2

T . 3o.7 28.7 29.3 27.8

n721244

5 F ro.3 2o.3 25.g
127-a63So6r.zro2.3

T 3r.2 29.6 29.3
1x777

6 F ro.5 2r.2
162-181 5 o 75.2

T 25.2 27.r
n44
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of the fall of tension during the contraction. The aggregate average was o.z8 pmole PC

sptitig and/sec (Table VI). If a correction for tension is applied, this rate increases

slightly to o.3z pmoleig/sec (see drscussroN). Whiie the data are compatible with
a constant slope, a curvilinear time-dependency is not explicitly excluded. A slight
decreasê in PC splitting rate may well occur after 4o-6o sec tetanization, and a

temporary increase in PC splitting occurs at the beginning of the tetanus, as demon-
strated below. Such a temporary increase might be suspected from the fact that the
best fitting line has an intercept of o.38 pcmoie/g.

+
a

+o
a'

g/o

o204060
TOTÀL DURÀTION OF STIMULATICN

IN SECONSS

,'/
./

TABLE VI
EVALUATION OF RESULTS IN TABLE \/

P, is the mean maximum stress, and B the tension decay time constant. The slopes of the free
creatine zs. duration of stimulation are given uncorrected, and corrected for tension deca1,.
S.D. are the standard deviations o{ these slopes and of the free creatine vaiues given in Table V.

50

:E

É
lo

)Ë
J
o
o
È Fig. i. Hydrolysis oI phosphocreatine during a single

tetanus, calculated as the difference between the mean
control, free creatine, and the mean stimulated free
creatine; 6 sets of experiments, detailed data in Tables
V and VI; Q, corresponds to set r; a, to set z; f , to
set 3; À, to set 4; V, to set 5i n, to set 6. The line
is the mean weighted slope {or all the experiments, un-

corrected for tension decay.

No. ,Po

(bglcn'z)
p

(Pe/ centlsec)

pnoletglset
S.D. ol slopes S.E. oJ mems

Sloies Corrected slobes

I
2

3
4
5
6

6
3

T2

4

7
4

1.70
2.12
1.96
2.14
2.10
4.9+

I.O
r.o
o.8
I.O
I.I
o.4

o.89

o.27
o.33
o.29
ô.30
o.z6

o.zB

o.z8
o.35
o.32
o.37
o.34
o,27

o.32

o.09
o.o2
o.o2

o.o3

o.58
o.95

"l'
I .3I

Weighted means r.96

T he e xtr a- rneta b o lisyn

While the findings in the preced.ing sections essentially apply to the steady
maintenance metabolism in prolonged activity, we shall norr turn to the changes
associated with the primary activation and the relaxâtion representing the extra-
metabolism. These could not be investigated in the same manner, the extra-meta-

B'ioch'irn. Biophys. Acta, 7o (rgf) 9-67
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bolism in Qne tetanus, although suggested by Fig. r, being too small to be reliably

detected. trnstead, the information was obtained by comparing single with rnultiple

tetani, covering the same duratiort or range of durations. Various experimental

series were perf-ormed along different patterns, to be presented seriatim.

TABLE, VII
cnea'trNe,**TbïffiÏ""î"i#xîil"'x"i"#"Ji;iNrrsÀND

S.D., standard deviation o{ the means; z, number of muscles which received the same treatment'

Free creatitue ol e stituùlated tuuscle
,pnoleslg) -S.D. k

t letdnus of b sec 6 l?lani of t se.

t4.r o.98I I.5

The simplest type of experiment is that given in Table vII comparing r tetanus

of d sec witi n tetani of ïfn sec, the difierence representing ( - r) times the extra-

metabolism in the interval ïln, diminished by the labile metabolism, if any, in the

remaining (a - t) ïln sec.In the given example, this extra-metabolism amounted to

o.5z pmoleitetanus (thehighest result obtained). In another experiment (Fig. z) rz
tetani were given o.2, o.4, o.6, o.B and r.o sec duration, and compared with the

controi analÿsis of the same block (means of 5), from which there is drawn a line at

a slope of oz8 (the previously established value Tor PCI 0). The experimental points

20

a7

É

ù
À

o
o
d
9
=

o
É

o
o
É
9
=

o 2 4 6 8 rO t2

TOTAL OURATION OF STIMULATION
IN SECONDS

Fig. z. Time course of PC breakdown, as in- Fig. 3. Time course of PC breakdown, as indi-
àiJated by the free creatine content, in r single 

""ted 
.by the {ree creatine content, in I and in

tetanus of the indicated duration (N :;), 6 tetani of varying total dtration. Each point is

and for rz'tetar]i o{ the indicatéd total du- the mean free creatine of seven muscles, and has
i ration. à s,ta,ndard deviation of the mean of r'3r' Two

sets recelved one single tetanus and ûve sets 6

tetani, respectively. the two lines are statisticallv parallei and the calculated slope is o'27 + o'o3

1rÀor"7gluà. (NotÉ that the regression 3"31y"1:-f9l the.'N : r line alone gives o z6 + o'o3' see

' Table VI, line 5.)

12 24 I 36 48

TOTÀL OURATION OF STIMULATION IN SECONOS
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themseives approached this same slope, but indicated an extra metabolisn.r

associated with rz tetanizations of 4.o prmoles, or o.33 pr.mole/tetanus. In a third
series (Fig.3) there were the following comparisons: a.single tetanus of 36 or 6o

sec, a control, and 6 tetani of z, 4, 6, B, or ro sec (means of 7). In the last case,

there was fargoing depletion of the PC, and we wiil disregard the point*. The

slopes of the line were identical, o.z7 + o.o3 pr.mole/g/sec, while the rlifference in the
intercepts indicated an extra-metaboiism of o.z5 pcmole/tetanus.

The last experimental series is that given in Table VIII in which, at a totai
interval of tetanization of 6 sec, a considerable range of ind.ividual tetanus durations
was covered. The maximal stress was identical in each of the variations, except that
it was slightly lower in the briefest tetani, o.2 and perhaps o.4 sec, in which there lr.as

insuffrcient time to allow complete manifestation of the active state. The stress-time

values likewise decrease for the shorter tetani on account of the greater share of the

ascending phase of the contraction. The PC hydrolysis is greater for the larger number

of shorter tetani, but the extra-metabolism per tetanus is seen to deerease sharply
when the duration of the tetanus becomes very short.

TABLE VTTI
pHospHocREATrNE BREAKDo'wN DURTNG 6 sBc on' TETANIZATToN,

DELI\/ERED AS INDICATED ON LINES 3 AND 4

6r

Tybe o a
No. of nwcles 8 8

b
I "t g s.D,

Total duration of stimulation (sec)
Duration of one tetanus (sec)
Number of tetani

Free creatine (pmole/g)
Total creatine (pmole/g)
Maximal stress (kg.cm 2)

Stress-time (kg cm 2.sec).

Extra-metabolism "8, - 
E,

Extra-metabolism per tetanus

6
6
I

ro.7
32.4

r.95
r2.3

6

3

7I.2
3 r.5

2.Ot
ro.7

o.5
o,25

6
I
6

t3.4
3 r.5

r.98
IO,2

2,7
o.54

6
o.1

r5

r 3.3
30.o

r.83
8.3

2.6
o-22

6
o.2

3o

\4.o o.9I
32.o ô.98
r.77 o.o7
6.4 o'73

-1..1
o.12

DISCUSSION

The stable metabolisvn

Time course and, amount'. Associated. with each contraction of muscle, there

occurs a breakdown of PC which progresses with increasing duration of stimulation,
provided that no resynthesis occurs as in the case in the anaerobic iodoacetate-

poisoned preparation. iVe conclude that this breakdown occurred, in our experiments,

during contraction itself, as no changes in PC content were noticed from r to rooo sec

after stimulation. This seerns in contradiction rvith the result of tuNoscaan»1z, who

reported a further breakdown of r pcmole/g in 3o sec after a §-sec tetanization, but
as lris work was d.one at r7o , and hexosephosphate formation occurred, we may ascribe

his finding to.the phosphohexokinase reaction. A proionged alkalization after con-

traction has been detected by Dueutssouls and DtsrBcuBla, which would most

readily be explained as indicating PC hydrolysis.

* This would mean that the single tetanus point at 6o sec is aiso questioned, although it
happêns to be in accordance with the line as draum. However, one might accept that this point
is ôorrect and is just on the limit of exhaustion; whereas in the multiple tetanus series exhaustion
is reached earlier, on account qf the additional demands of the extra-metabolism.

B,ioch'im. Bi,ophys. Acta, 7o (196! y-67
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The rate of PC hydroiysis during a contraction at o", apar! from the initial phase,

was approximately constant up to about 6o sec, and amounted to o.z8 pmole/g/sec.

This value was obtained from the slope of the hydrolyzed PC plotted against the

duration of stimulation given as one single'tetanus, and it was thus independent of

any extra-metabolism that might have occurred during the tension development, or

the relaxation. LuNpsçeen»12 gives data from which the rate of PC hydrolysis can

be d.educed. He states that at 4",the isometric coefÊcient for tetanus defined as

Tension in grams x length in centimetres x seconds of tetanizatioo ,^,
\4 /

is equal to 2I .ro6. With a tension of rroo g (for frog gastrocnemius) and a length

of 3.3 cm, one calculates a rate of PC hydroiysis of r.7 pr,moles/g/sec, a vaiue

obviousty much higher than the one reporteci here. The greater part of his work was

done at t7o, and Kz ior this temperature is Siven I5.2'106, or 2.2 y;rlolesl1/sec. The

Çro of the maintenance heat rate is given by Fouc15 and AurBnrs as 3, and as there

is-iurely a close correspondence between this rnaintenance heat and the stable PC

metabolism, IMe can accept a similar Çr, for the latter. The rate of PC breakdow-n

would then be reduced some B times when the muscle is cooled ftom t7o to o", and

would equai o.z8 pr.moie/g/sec, identical with our va1ue.

,:. After a 6o-sec tetanus, the PC content was drastically reducerl. In the control

muscles, the total creatine was between 25 arrd 34 pcinolesig and the free creatine

between 9 and rr g.moles/g. The PC before any stimuiation wâs therefore between

r4 and zs pmoles/g. There was very little PC left after a 6o-sec tetanus, which used

up to r7.5 pmoles/g. The PC hydroiysis rate seems independeot of the PC concen-

tiation. This can be easily interpreted if the PC hydrolysis is coupled with a resynthesis

of ADP to ATP, which reaction is not impeded by the iodoacetic acid in aitol6,17,

and lirnited at the ATP breakdown rather than at the transphosphorylation step.

The K* of this reaction is such that any ADP formed during the contraction would

be converted to ATP, until the PC concentration has become very sma1116. This will
occur at oo after 6o sec tetanization, and we have indeed frequently observed then

a râther sharp drop of the tension. With a Qro of 3, a 6o-sec tetanus at oo would be

equivalent to a 6-sec tetanus at 2o". ManÉCuar AND AUEERTIs have observecl in a
normal muscle that at this temperature the tension is well maintained for 4-B sec,

.and then drops suddenly to 1oll, values; a shortinterruption of the stimulation restores

the tension back to its vaiue before the sharp drôp. This fact can be explained if
there is a fargoing exhaustion of the PC reserves during ttre tetanus; a short rest

however would allow enough ATP or PC resynthesis to bring about a rapid restoration

of the tension.
Connection with tension: In ord,er to compare chemical a::rd rsechanical events,

we must equate the corresponding energies over the time interval of tetanization:

6pç:A (:)
K

rvhere /PC is the phosphagen split, I the tension of the muscle, I its length, and d

the tôtal duration of stimulation. K is the isometric coeffrcient for tetanus. If the

K2

lpc: L* 
lu ,u, (+)

tension is time depenilent:
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Às a good approximation, the tension is described by:

T:To(t-§t)

63

(r)

where Io is the tension at the beginning of the tetanus, and B a decay consta.nt equal
to o.89 o/olsec. The tension decay is the same whether the muscle be stimulated by
one long tetanus, or several short ones, provided that the total duration of stimulation,
0, is constant. Introducing (r) into (4):

T"te r qr1 _Tol0'/Pc: ?(, -;,):-K (s)

where g' is the reduced. duration of stimulation, i.e. the duration of stimulation that
would have given the same stress time, had the tension not decayed. The rate of
PC hydrolysis corrected for tension decay is the slope of the free creatine experimental
va-lues us. this corrected time (given iri Table VI under Coyrecteil slopes). The mean
rate of PC hydrolysis is raised from o.zSpmole/g/sec to o.3z pmole/g/sec; the effect
of this correction is small, and may often be neglected.

ThecoefûcientKisestimatedaszz.B.ros,baseduponthevalues:tension,2ooogi
l:3'.2 cm,,APC: o.28 pcmole/g/sec. K must be multiplied by roa in order to be
in the same units as the 1(, of LUN»scAARD. At the end of a 6o-sec tetanus, 1{ is
reduced to tr.4. ro3, because the tension has decayed. 5o o/,, although the rate of
PC hydrolysis has not changed. LuNosceaRp had already noticed a similar trend
in his experiments, which is now fully demonstrated. f he economy of the muscle,
as measured by K, decreases during the stimulation, an eflect which is opposite to
fatigue, where the economy increasesle.

Comparison uith he.at experiments: The rate of heat production during the mainte-
nance of an isometric tetanus is described by Aumnr5 as:

h: hae-dt + hB (6)

AueBnr has divided it into two parts: a labile maintenance heat, hae-"t whichde-
creases exponentially with a time constant of about r sec at oo toward a stable mainte-
nance heat rate, ha- ManÉcner2o showed that this stable maintenance heat rate
decreases very slowly during 6o sec, much less than the tension, at least at oo. During
this long tetanus, the tension decreased at the same rate as in the experiments reported
in this paper. The parallelism between maintenance heat rate and PC hydrolysis
is striking.

A comparison between maintenance heat and the PC metaboiism could yield
an apparent enthalpy for PC hydrolysis and associated changes during contraction.
This ca-lculation is subject to two main errors. The first refers to the different physio-
logical materials subjected to the experiments, as the PC metabolism was measured
on American Rana pi.pi.ens, and the thermal metabolism on European Rana tenopo-
raria; one cannot assess the importance of the species difference, but we will suppose
that this is not great, compared to the other factor. Second, the PC metabolism was
measured on iodoacetate-poisoned muscle. The iodoacetate might afiect the mainte-
nance heat, and careful comparative experiments are needed. -ManÉcnerso, has
found that this maintenance heat is markedly afiected by the iodoacetate. From
3.9 mcal/g/sec in an intact muscle, it decreases to 2.9 mcal/g/sec in a poisoned one.
Comparison of this last value with the PC rate of hydrolysis (o.zB pmole/g/sec) gives
an apparent enthalpy change for PC hydrolysis in aiuo of -ro kcal/mole, which is
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closely comparable to the estimation of CeRlsolr eNo Srcon2l, - 9.6-rr.5 kcal/mole*.
The 'increasing econortuy of rnwscle d.wring tetanus: an interpretation'. What can be

the meaning of the decrease in econorny that occurs during a tetanus, or in other
words, how can we conceive that the tension drops while the metabolism associated
with it (PC hydrolysis or maintenance heat) does not?

We see two types of interpretation of this phenomenon, the one assuming a
mechano-chemical uncoupLing, the other based on a mechanical feature. According
to the first of these explanations, there would occur some form of loss of energy
transfer, by a lesser stoichiometric coupling so that some ,ATP would be hydrolyzed
extraneously, or would otherwise fail to be utilized in the contraçtion process. This
is a definite possibility, e.g. it is known that depolarization of the muscle membrane
by high-potassium solutions elicits a greatly increased metabolism without necessarv
accompaniment of contraction; since Caz+ is necessary for this efrectzz, it has been
conciuded that this metabolic activation makes use of elements of the normal exci-
tation-contraction coupling mechanism, but that with the abnormal membrane
condition this mechanism is interrupted. One might vrell assume that some aspect
of the mechano-chemical coupiing alters durinlg thç phase of decreasing economy
under discussion.

The mechanical interpretation is based upon the fiading23, that in a series of
isometric tetani, there occurs a shift of the length-tensionrelationtowardgreater
lengths. Similarly, ManÉcnarza,25, has shown that in fatigue after isometric tetani-
zation under certain conditions, the tension is very much increased by a slight
lengthening. Both observations could be interpreted as due to an extension of the
series elastic component. Now AusBnr5 has shown that the rnaintenance heat de-
creases much less than does the tension r,vhen a muscle is stimulated isometricaily
at shorter length. A quantitative consideration of this contingency2o shows that this
mechanical hypothesis could account for about half of the decreasein economyobserved
in the course of a long tetanus.

T lt e exlra-metabolism.

Def,nition, and. magnitud.e: Wtren a muscle receives several short tetani, the PC
hydrolyzed is greater than in the control muscle which is given one tetanus of the
same total duration. The difference is def,ned as the extra-rnetabolism. The weighted.

/ mean for all our determinations was o.33 6.r.mo1e/tetanus, but the span \Mas rather
large, from o.rr to o.§4 pr.mole/g/tetanus, depending on the experimental conditions.

NacslraNsottN26 reported experiments in which he compared z or 3 tetani with
a single tetanus of the same, or usually somewhat greater, total duration, and found.
that in the former case more PC was broken down. His conclusionzG that "evidentlv
the development of tension is connected with a greater splitting of phosphagen than
the maintenance of tension" foreshadows our present inquiry, but he drew no analogy
between his results and those of HanrnBn AND HrLL3. The difference, of the order
of r g,mole/g PC, would be a measure of the extra-metabolism at 17" on the frog
gastrocnemius. We have extended the investigation on the extra-metabolism of the

* In a preceding paper6, we have reported a substantially lower value for the apparent enthalpy
oi PC in utao: 76ôo ca1/mo1e. This, however, is much less accurate than the present one, because
it was estimated on a tetanus of 4oo msec duration. But the active state does not stop abruptly
after the last stimulus. but conLinues during an unknown time: this fact was not considereà at
the time, and means that the value of 76oo.cal was too small.
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sartorius muscle at oo .which allows accurate compariscins with the myothermic
experiments of Hrrr eNo AusoRr.

Theoret'ical eaal,uation of the extra-metabolism: Before attempting a correlation
rvith the Iabile maintenance heat as defined by Ausrnrs, \4/e must first inquire whether
the extra-metabolism encountered in the investigation of several teiani can be due
to other events either in the beginning of tetanization or in relaxation.

During the rise of tension, the contractile co.mponent shortens and mechanica-l
work is being stored in the elastic component and in the apparatus, which can be
estimated as o.4 (see re|. z7) and o.3 mcal/g respectively; since work performance
is. accompanied by an increment in metabolism6, this accounts for additional PC
breakdown, which floès not appear as heat in the sense of the FBNN effecta, and which
is nôt reversed when in relaxation this work is returned to the contractile strueture,
since it is then known to appear as heat. The heat of shortening during this initial
period might amount to another o.z mcal/g, but its coverage by extra-metabolism
is problematical6 and this small quantity wjll be ignored.

After the cessation of stimuiation, there is, apart from quantities of heat of
mechanical origin, a declining residual maintenance heat closely equalling the acti-
vation heat of a twitch2z, which has treen experimentally estimated at r.B mcal/g.
Thus, there may be up to 2.5 mcat/g to be accounted for from chemical sources, .each

time a contraction is initiated and terminated, which both qualitatively and quanti-
tatively is reminiscent of thê activation heat in a single twitchz8. This quantity wili
be, denoted as R, and the extra.metabolism in n contractions of 0f n duration as com-
pared to r contraction of time 0 equais:

H,-Ht:(n-r)R (l)

as far as due to the indicated circumstances.
The second possible source of extra-metabolism is the labile part of the mainte-

nance heat5:
Hn:He + HB: lurn"-u' at + lonuat (8t'o Jo

wherè Ha arrd H n are the- total labile and stable maintenance heats for a tetanus
of duration t. The difference in maintenance heat bétween r tetanus of 0 and n
tetani o{ tln sec is'.
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H, - Hr - 
@ --I\he -* 

o- (*"- oo 

- .-oo
a\ n

The total extra-metaboüsm, due to both causes combined is:

Ho-Ht: (n-.y (n + ? ?("" -+-" "o) (i")

Interpretation of ihe experimental d.ata: In Table IX are given the extra-metabo-
lism values measured in B different sets of experiments as the difference in free
creatine beiween muscle stimulated. by n tetani àt O1n ,", and by r tetanus of â sec.
These experimentaf results are compared to theoretical values obtained with the use
oI Eqns. 7 and ro, and. with an apparent enthalpy change for PC hydrolysis of
ro kcal/mole, taking R as z.§ mcal/g, cE as r sec, haf a as 4.7 mcatlg. This latter value,

(s)
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TABLE IX
COMPARISON BETW'EEN FOIIND âND CALCULÀTED VALUES OF

THE EXTRA-METABOLISM IN TIIE INITIÀL PIIÀSE OF TEîANIZATION

Duation of
otue lelanw

( sec)

Number of
tetffii

E *ra-wtabolisn ( \mole I g )
Erpt.

Eqfl. z Eqk. ro

r. Fig.3
z. Table VIIId
3. Table VIIIo
4. Table VIIIa
5. Table VII
6. Table VIIIô
7.
8.

Mean (No. z exclrrrded)

o.2-t
o.2
o.4
I.O
ï.o

2.O
8.o

4.3
(s.:)
2.6

2.6
o.5
1.5
tr.J

0.t)
-). .
r.3
r.3
o.5
r.3
r.3

r.7

5.8
(zs.:)

5.4
2.6
2.6
r.2
5,2
5..

3.4

t2
3o
r5
6
6

3
6
6

taken from AusBnrs (Table XII), applies to normal muscle and is probahly a lowest
estimate, as the total labile heat tends to increase when the muscle is poisoned with
iodoacetate20.

The examination of this table leaves little doubt that application-oJ the comtrined
Eqn. ro leads to an estimation for the extra-metabolism whiôh is in excess over that
found experimentally. On the other hand, appücation of Eqn. 7 alone does not appear
to account for the experimental results completely. One would conclude that there
is metabolic coverage for the quantities envisaged in trqn. l, brt that those ad-
ditionally provided for by Eqn. g and which represent the labiie part of the rnajnte-
nance heat, are only partly accounted for by our work. While it is possible tàat
experimental error is responsible for this, and also that the qua.ntity R rnay h.ave

been oÿerestimated, it must neverthelèss be considered at the present stage that tlhe

discrepancy is real.
Trvo main interpretations are suggested for this metabolic deficit" The first is

that the estimate of the labile metabolism 117 is exaggerated. Iodeed, the assumption
is impiied in Eqns. g and ro that the labile part of the maintenarrce metabolism does

not change in a rapid sequence of tetani. This is not explicitly known at present;
it may not be the case, since after-effects from the previous contraction may improve
the economy during the initial phase of a new contraction. The second is that the
labile heat is indicative of a transitional phase towards the final steady state, during
which certain shifts take place. This is not a shift from primary ATP breakdown
to steady state PC breakdown, since no such temporai separation has been en-

counteredz,2e, and since this would not be expected to yieid more heat. It might be

a shift from one to another type of ionization or neutralization reaction, or it could
be a structural change with thBrmal efiects of its own*.

* l,Vith respect to the latter contingency, we propose that the increase in economy during this
phasê of maintenance be regarded as a partial approxima.tion fowa.rd the locking of the contractile
structure by a "catch" mechanism, as is considered to occur more prominently in invertebrate
smooth tonus muscles. In these, the phènomenon is currently ascribed to a crystallizatioa of
paramyosinso,s1. In view of the similaiities in composition betrveen this proteil and vertebrate
iropomyosinsl-33, we consider the hlpothesis that tropomyosin might function by partial l6çking'
of the contractile structure in the course o{ a maintained contraction'
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Thus,, there is a good possibility that upon further examination our figures would
be found to account for all phases of the maintenance heat if properly evaluated;
if not, however, the possibiiity of an additional energy source may have to be in-
vestigated, the more so since at the present state of knowledge there are muscles
in which the energetics may-not at all be balanced by PC breakdownl.
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