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Summary. 1. Gastrocnemius muscles ol frogs have
been excised, chopped and put back into the 1eg.

2. The weight of the implanted muscles increases
until the Sth day after the operation and then decreases
to 113 of that of the control by the 30th day.

3. The inulin space is twice as high in regenerating
muscle as in the unoperated controls.

4. Adenosine nucleotides are in an enzymatic equi-
librium set by the ratio creatine/phosphorylcreatine
during regeneration of the muscle.

5. Glycolytic intermediates (hexose monophos-
phate, fructose-l,Gdiphosphate, a-glycerophosphate
and lactate) have been measured during the course
of muscle regeneration up to the 30th day. The results
suggest that the glycolysis of regenerating muscle is
very active.

6. The total creatine (sum of creatine and phos-
phorylcreatine) is very low after the operation: 5\
of that of the controls; it rises sharply after the Sth
day, and reaches 30\ of that of the control on the
30th day.

7. The amount of total creatine seems proportional
to the progress of the muscle regeneration. It is sug-
gested to use this substance as a biochemical reference
for biochemical works on muscle regeneration.

Key words: Regeneration of muscle - Creatine -
Creatine phosphate - Adenosine nucleotides - Glyc-
olytic intermediates.

INTRODUCTION

A remarkable case of muscle regeneration was re-
ported by Studitsky in 1.959. He had dissected out a
rat gastrocnemius muscle, and cut it into small pieces
of about 1 mm3; the muscle thus minced was put back
into its original place in the rat leg. After a few weeks,
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a neq'muscle had grown, which was innervated and
contractile. This interesting phenomenon was con-
firmed by Carlson, who also reviewed and discussed
the works recently published in the field of regeneration
of muscle (Carlson, 1968, 1972). Most of these studies
s'ere aimed at the morphology of muscle regeneration,
and little is known of the biochemical control of this
process or of the physiological properties of regener-
ated muscle (for a review see Carlson, 1972, I973).

A basic problem is to measure the progress of
muscular regeneration. Morphological studies have
shown that it follows a characteristic sequence. First,
the minced muscle degenerates while the myoflbrils
and the other sarcoplasmic structure fragment and
eventually disappear; secondly, spindle-shaped cells
appear and proliferate; thirdly, the myogenic cells of
this population fuse to form multinucleated myotubes
in which typical cross-striations appear, and fourthly,
the centrally located nuclei migrate toward the peri-
phery of the fibre, and the sarcoplasm and myof,brils
hypertrophy. In frogs these four phases last about
I week each, but they are not simultaneous through-
out the minced muscle, since there exists a cranio-
caudal and a centripetal gradient of development.

The morphological eüdence, speciflc and descrip-
tive as it is, does not however provide us with an easy
method for a quantitative evaluation of the net amount
of muscular tissue which originated from the mince,
or that is truly regenerated. It is known that free cre-
atine (Cr) and phosphorylcreatine (PC) are substrates
which occur in high concentrations in striated muscles.
Their sum, which will be cailed total creatine (C.), is
quite constant in muscular tissue, amounting to
20-30 pmol/g wet weight (Maréchal, 1964). The
total creatine concentration correlates well with the
maximal isometric force which is probably the best
estimate of a muscle's "size" (Wilkie, 1968). In fact
the total creatine content of a muscle is a better index
of the amount of muscular tissue than is its dry or wet
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weight, and has often been used as such in many studies
on the energetic metabolism of muscle (for a full dis-

cussion of this problem, see Wilkie, 1968). Therefore,
it is obviously of interest to know the time course of
the total creatine concentration during the degener-

ative and regenerative stages of minced muscles. At
the same time, this study might shed some light on

the energy metabolism of the regenerating muscles,

and so various other key metabolites were measured:

the adenine nucleotides and some intermediates of the
glycolytic pathway, in order to enlarge the overall ex-

perimental base.

METHODS

A. The Grcrfting Procedure

Orthotopic autLrgrafts *ere performed in Deccmber ar.rd January

on adult Rcuttt tattltt:,rttrua obtained fron-r Ireland The tiogs were

kept at room temperature (20'C) in small individual chambers

with continuousll runliitg tap v'/ater.

On da1 zero. rhe lrog was ancsthetized by imrnersion in MS 222

(Sandoz) dilutecl 1:1000 in tap water. A skrn rncision was made

from the ankle to rhe popliteal area. The Achilles tendon lvas severed

and the gastrocnemius was dissected up to about 0.5 cm from its
femoral insertion. -\t that level thc gastrocnemius nerve rvas dis-

sected as far as pc,ssible and the muscle was transversel-v cut. The

piece ol muscle s as placed in a lew dr:ops of sterile 0.6 " 
" 

saline trnd

chopped u,ith sciss.rrs ir.rto small pieces of about 1 mm-r. The mince

wâs pr-rt back und:r the skin flaps except for some gross fragments

ol connectir,e ti.sue lhich were discardcd. The skirl irlcision uls
sutured with 6-0 siik t Ethicon) at 2 mm intervals. Apart fi om sterili-

zing the instrunents and glassware coming into cot.itlict §'ith the

muscle, no other special precautions were taken. Inlectiorl. rupturing
of sutures or othel possiblc postoperative complications were not

obserr ed in the present experiments.

B. Design o.f the Erperiment

The erperiments r,vele performed on 24 frogs. The right gasirocne-

mius was minced and autografted as described in the plevior.ts sec-

tion. and the leli gastrocnemius was used as control. In order to
survey the most importanl stages ol the regeneration processes, the
two gastrocnemius muscles were removed cach time in 3 frogs, at

1, 2, 4, 8 day s { degeneratir e stage) and I 5. 30 days (early rcgenerative

stage) alter impLantation. They were analysed for the an'rounts of
eleven different substratcs.

For tl.re Sth and 30th da1, however 6 animals were used rather
than 3. because rle uished 1o obtain more accurate inlormation
for these trvo periods : the beginning ol seoond week sees the first ap-

pearallce of m1-otubes and the end of the first month is important
because no morÊ muscle hbers are lormed thereafter and the later
cvolution consist of maturation and growth (Carlson. 1968). In
view of the number oi chemical manipulations, it was not possible

to analyse more than 6 pairs of muscles a week. The 24 operations
were timed in such a \\'ay as to provide 3 liogs a week for analysis

each having a randomll'chosen postoperative delay.
In 1 0 animals of this series, 2i 3 of the mince was replaced rather

than the whole of it. in order to obtain some inlormation on the

influence ol the amount of grafted tissue on the magnitude ol the

regeneration.
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C. Chemic'al Proceclures

o ) Extt'acliotl Procedure. Tl-re rcgeneratcd and contralatcral gastroc-

nemius muscles were dissectcd out, and transfercd to an oxygenated

Ringer's solution cor.rtaining 1 ptC/ml ol inulin-H'r rn rvhich they

incubated for 5. I 5 or 60 min a:22" C. The muscles rvere then lightly
blotted betseen dry lilter papers and lrozen bl rapid immcrsiol
in isoperLtane coolecl to - 160' C with liquid Nr. The lrozen operatcd

muscle prescnted tu'o parts: the 0.5 cm prorilnal intact muscie and

the large rlistal portion rvhicl-r had been minced: the,\ §ere separatcd

trnd the prorin-rai portion was discarded. The distal portion and ihc

control muscle: s ere u'eightecl, still frozen, pulvcrized and ertt acted

with 0.5 \ perchloric acid (Maréchal, 1964).

b) Chetnitt! lndlrsis. Creatine was measured br rts rtaction
with diacetll-z-naphthol (Ennor and Stocken, 194Et: aticr acid

hydrolisis t10r.nin at 65'C in 0.4N HCI then neutralization uith
NaOH) th!- 1ôtal ircatjnc (creatine * phospiror,-vlcrelLtrn.) \\11s

mcasured br ih: -santl reaction. An allowancc of 11no lras rr-iadc

for creatinine iormation during the acid hydrolysis ol ph'rsphonl-

creatine. PhLrsphLrrJlcreâtine itseli was computed as the ciill:rÊnce

between tolal ;realin: and creatine. The analysis ol adcntr:iii.' nrt-

cleotides and rliermedi:re: ol tbe glycolytic pathwal' are described

in Bergmerer,l9-0t.
c t lttitiiti Sl,ui.'. The iadioactivity olthe extracts and oisuitilbl1

diluted aliqurts ol the mediuil rvere measured wrth a Iicluid scintil-

lation spectroneier (Packard Tricarb 3375).

clt C,'ritrol rtnti Et1rrttriort tl the Re.:;ults. The contr:-l:iteral
gastrocnenius ntusclcs *ere u-.ed as control. The mcans an'i <i:nd-

ard errors ol the substrate côncentlàtions are computed ia nliiro-
moles per -qrart \\-et ueight. The rnetabolites in minced muscl;s are

expressed as percentages of the control values.

RESL LTS

A. Gros-s Changes

After the graltlng procedure the operated leg renlains
qulte normal for a few dar,s. Around the 3th dai.. its
dian.reter increases as a result of an inflammator)'
oedema. reaching a maximum at the end ol the first
§eek. then the oedema subsides and the diameter of
the 1eg thins to half that of the contralateral withln
3 weeks. If only 213 of the minced muscle is implanted,
the swelling is less and it resolves sooner. The sutures

fall out during the second rveek.
lnternally the form of the mince is rou,shly the

same as that of the original muscle. Within 24 hrs

the fragments of the implanted tissue are glued to-
gether by fibrinous materials. so that the r'vhole mass

is strong enough to retain its shape when it is removed
from the limb. By the end of the first week, the con-

nections between the implanted fragments and the cut
ends of the Achilles tendon and the proximal muscle

stump have become Ttbrous and stronger. At that
time the muscle. even the proximal stump, is very

oedematous. and the individual muscle fragments are

less distinguishable. From then on, the volume of the

musÇle decreases until at the end of the frrst month
the diameter is between 1 -1 and 1/2 of the contralateral
gastrocnemius.
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Fig. 1. The wet weight of gralied tissue, expressed as percent of
controls, varies with time alter implantation. The open circles re_
present muscles where the n.hole minced tissue was replaced and
the filled circles those s.here about two-thirds of minced was re-
placed

Thirty days after implantation, some frogs could
actively extend their foot, and some contractile activity
of the gastrocnemius was observed. It may be, how-
ever, that this contractile activity originates only in
the proximal muscle stump which was not removed
during the operation; the regenerated portion would
then only act as a passive transmitter of the tension.
It has not yet been possible to evaluate the contribution
of the regenerated muscle to the force which extends
the foot.

B. Weight of Minced Muscles

Fig. 1 shows how the wet weights of the minced
gastrocnemius, expressed as a percentage of the con-
tralateral muscle, change with the time after the im-
plantation. Two groups are represented. In the fust,
the removed muscles are entirely implanted at the time
of operation (open circles). Their weights increase
rapidly from the 1th day to a maximum at the 8th day.
This phase corresponds to the swelling and oedematous
reaction of minced tissue described in the previous
section. Thirty days after the implantation, the re-
generating muscles weight is about half the control.
In the second group, 213 oî the minced tissue is re-
placed into the leg (f,lled circles). These muscles show
a much less intense inflammatory reaction, and there
is no maximum. However at 30 days, they are signifi-
cantly smaller than those of the f,rst group despite
the absence of oedema and the disappearance of all
original muscle fragments at that postoperative delay

5 15 60
ïime (mi n)

Fig. 1. Inulin space (percent of whole muscle volume) of minced
lupper curve) and control (lower curve) muscles jncubaled in vitro
for 5. 15 and 60 min. As the inulin space does not depend on the
aee olthe regenerate, the results were pooled: each point represents
the mean ofeight experiments. The vertical bars represent standard

(Carlson, 1968). The difference in weight observed be_
trveen the two groups suggests that the amount of
tissue regenerated depends on the amount of implanted
muscle fragments, in agreement with the concept that
the regenerating muscles develop from strucfures pres_
ent in the grafted tissue (Kaspar et al., 1971\.

C. The Inulin Dffision-Space

Anf interpretation of the substrate concentrations
must take into account any change in the extracellular
space of the analyzed tissue. We estimated this space
by observing the rate at which labelled inulin pene_
trated into regenerated and contralateral gastrocne_
mius.

The results, expressed as percentages of the muscu_
lar volume, are described in Fig. 2. -fhe lower curve
shows the diffusion of inulin into controls. Each point
is the mean with its standard error (vertical bais) of
eight control muscles. This can be fitted by an inverse
exponential curve, time constant 12min, correspond_
ing to an inulin space at 60min of 20)(of the muscular
volume. The upper curve shows the inulin space of
minced muscles, the postoperative delay has no signifl-
cant influence on the inulin space. From the first to
the 30th day after implantation, the inulin space re_

r37
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mains twice that of control muscles. Further, the time

constant of inulin diffusion is increased (18min) in

minced muscles. These facts suggest that within 24 hrs

after the operation 60\ of the minced tissue has be-

come separate from the extracellular fluid even though

it was composed almost entirely of subcellular fuag-

ments. The persistence of the same inulin space 30 days

after implantation requires a further explanation: per-

haps in regenerating muscles of frogs there is a large

,ru-b"t of small muscle f,bres and a gteater quantity

of connective tissue (Carlson, 1968) or an increase of
the permeability of the cells to inulin. This latter phe-

,rori"non mighi be a distinctive possibility, as Gold-

spink (1966).leviewing the litterature, points out that

àbryonic muscle flber§ seems to be very permeable

to inulin.

In the present *-ork, the concentration ol cellular substrates (C)

has been expressed il micromoles (Q) per gram of muscular wet

weight (W). If \§e assume that the density of the tissue is one' its'

weilht is equal to the sum ofthe cell volume (V") and the extracellu-

1ar 
"rolume 

(V"). ff a[ the substrates measured are intracellular'

which is prÀèa[1' true here- the intracellular concentration (C 
') 

is :

c':9- c(velv")
\.. v.

In the foüoxing- se shall give the concentration uncorrected for

the extracellular space. This isjustif,ed in liew of the fact that extra-

cel1u1ar space does not change during the post-operative period'

However, if on. sishes. there is a simple correction: the intracellular

concentration mav be es;timated b.r diriding the concentration in

control muscles b1 0.8- and in minced muscles by 0'6 The ratios

of the intracellular coûcentrations are obtained from the ratios of

the whole muscle concentrations by diriding them b1'0'610 8 : 0'75'

D. Creatine, Phosphorylcreqtine and CreaTinine

The total creatine (Cr) content of minced muscles

varies much with the time after implantation' Fig' 3

shows that the C.. is less than 5'f of controls from

the first to the eighth postoperative day, twice this

value at the 15th day and it reaches about 30[ of
controls at the 30th day. Since C, concentration is as

far as is known proportional to the amount of muscle

tissue, such a time course seems to indicate that a)

during the first week the muscle is degenerating and its

fragments are no longer functional and b) from the

secônd week on, the muscle tissues is regenerating up to

at least the 30th day. One may observe a clear corre-

lation between the increase ofcreatine content and the

morphological and histochemical features of minced

gastrocnemius' ' ,n found atThe great variation of C, concentratlo
the 30th postoperative day may partially be explained

by the ,-oor,i of tissue grafted, since the analysis of
vàriance indicates a somewhat (P a0'1) higher value

of Cr when the whole of the minced muscle was re-

t L I 15 30

Days after imPtantation

Fig.3. The total creatine content of minced muscles, expressed

ur'p.r*o, olcontrols. as a l-unction of time after implantation' The

opàn circtes refer to muscles rvhere the whole minced was reim-

pianted into the original space: f,1led circles to those where about

two-thirds s-as reimPlanted

implanted. This suggests as a f,rst approximation that

thé amount of implanted fragments not only increases

the seigùt of the regenerates but also the amount of
muscular tissue which they will rebuild'

Phosphorylcreatine presents us with special prob-

lems. Ai shown in Table 1, its concentration in the

minced muscle changes in a way quite similar to that

of total creatine. However, the concentration of this

substrate is highly dependent ou the previous activity

of the muscle because phosphorylcreatine is rapidly

split to creatine and phosphate during muscular con-

traction (for a review see Marécha1, 1,912), and it may

be asked how far the values obtained are representative

of resting muscles.
e rapla survey of the literature shows that in the

frog gasirocnemius the resting values of PC reported

by ieveral authors are quite simiiar to those shown

infaUte 1 : 10.19 irmol/g(Lundsgaard, 1930); 13 '7 pmoll

g (Feuer, 1955);14.80 + 2.86 (Cerretelh et al',1912);
tq.Z + 0.55 (Ambrosoli and Cerretelli, 1913')' The

more recent values reported are however slightly

higher than the one reported here, by about 1'5 to

2.0 pmol g.

It is diff,cult to conclude whether this discrepancy

reflects genuine differences due to biological variations,

or whether it is caused by differences in the prepa-

ration procedures. Cerretelli e t al. (197 2) and Ambrosoli

at creatine
'Lof control
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Ta'o]e 1. Total creatine
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phosphon 1!'reatine. creatinine concentrations and PC/C, ratios ofcontrols and minced muscle regenerates in the frog

Controls Minced muscles regenerâtes, % olcontrols, days after implantationS u bstrates

15

2

2

70

3

3

3

2

65

1,2

3

1

1.

3.

4.

5.

Total creatine pmol g

Phosphorylcreatine pmol g

PC7'C. molimol
Creatinine pmo1,'_e

t1

1t.28 + 0.58
11.88 + 0.62
0.53 + 0.02
3.50 + 0.24

24

3 4+
3 4+

87 87+
14 13 +
36

0.5

0.7
8.6
0,5

2.7

2,9
2.1

4.7

11

12

106

27

3

26+
29+

110 +
33+

6

The means are reported riith their standard error when the number of measurements is equal or higher than 6

and Cerretelli (1973) lroze their specimen between
cooled pliers ; the rate ol lreezing of the muscle should
then be higher than in our case, where the muscles
were immersed in the freezing mixture.

The rate of PC splitting is about 3 pmol/g for a
sartorius muscle ar l0' C (Canfield et aI.,1973) during
the first second of a tetanus. Thus, we may account
for the discrepancl' referred to above if the muscles
had contracted tetanically for about 0.5 sec when they
were immersed in the cooled isopentane. This seems
reasonable, and. moreover, explains two other ob-
servations. The first is the low PCICr ratio: here it is
0.53 which is much lower than those found by other
authors: 0.66 (Canf,eld et al., 1973),0.72 (Maréchal.
19 64), 0.8 1 (C urt in and Woledge, L9i 4),0. 80 (Hom sher
et al., 1975). If u'e assume that 2pmol/g of pC have
been split durin_s the contraction induced by the freez-
ing procedure. this ratio becomes 0.62.

Another observation is that muscles regenerating
for 30 days have more (110%)PC than the controls.
This may be explained if we assume a) that the re-
generating muscle cel1s have the same resting PC con-
centration than the control muscles, and b) that the
tetanus induced b1' the freezing is shorter in re-
generating than in control muscles, because the re-
,senerating muscles are so much thinner.

The creatinine content of the muscles was measured
in order to shed some light on the rapid disappearance
of the total creatine from minced muscles after im-
plantation. The results shown on Table 1 exclude the
possibility that PC is retained in the muscles under its
cyclic form, creatinine. After the operation, there oc-
curs a large net loss of creatinine, nearly as great as
that of PC. The recovery of creatinine during the post-
operative days parallels that of PC. Therefore we may
conclude that PC escapes very rapidly from the minced
muscles (either as creatine or as creatinine).

E. Tlte Adenosine ]{ucleotides

The f,ndings are shown in Fig.4 and Table 2.
The ATP content olthe controlmuscle,4.06 pmol/g,

is quite similar to that reported by the other authors:

1t,8 1530
Days af ter im ptantation

F:g, 1" The ATP content olminced muscles, expressed as percent
..: i..atrols, as a function of time after implantation

T"lle L Adenosine nucleotides in controls and minced gastro_
;:e:nius muscle regenerates _10 dals after implantation in the frog

.+;:rrrsine Controls
::;-:trtides pmol 

_e

\linced muscles on

pmol g of controls

.{TP
ÀDP
à\tP

1.06

1.01

0. 11

1.5-
0.,1s

006

- 0.05 -î9
+ 0.06 3S

+ 0.01 4-:

- 0.19

- 0.0-
- 0.09

Eac:i ralue is the mean *irh its standard error(n : 6 muscles). Con-
t:\ :: Jre contraldterJl gditro.ncn]]us

-1.19 (Cerretelli er al.. 1972), 4.2 (Ambroso[ and
Cerretelli, 1973).

Canfield and \{aréchal (1973') demonstrated that
ATP. ADP. AN{P. PC and creatine are in an equi-
librrum catalysed by only two enzymes, the pC-ATp
phosphoryltransferase and the myokinase. An im-
portant assumption, necessary for this hypothesis. is
that 80 \ of the acid-soluble ADP is bound and rhere-
fore not available for this equilibrium. In agreement
with these authors, we found that the ratios ADp/
ATP : 0.25 and AMP/ATP : 0.035 correspond ro
the ratio creatine/phosphorylcreatine predicted by
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Table 3. Substrates of the glycolytic pathvÿay of controls and minced muscle regenerates in the frog

L. Plaghki and G. Maréchal

Substrates Controls pmoi/g Minced muscles regenerates, 'i. olcontrols, days alter implantation

15 30

Glucose-1-P * glucose-6-P
Fructose-6-P
Fructose-1,6-P,
a-Glycero-P
Lactic acid
n

0.66 + 0.06
0.23 + 0.03
0.09 + 0.02
0.20 + 0.05
2.13 + 0.22
24

3 3 2 2+ 0.3
5 8 4 4+ 0.2

18 8 32 55 + 17.5
21 4 5 46+ 2.6
69 45 59 74 + 12.2
3336

16

0

0
28

111.

3

31 + 8.0
42 + 7.6
93 + 15.8
55 + 14.3

110 + 200
6

The means are reported with their standard errors, when the number of measuremelts is equal or higher than 6.

their hypothesis, provided that 85 \ of the acid-soluble
ADP is assumed to be bound.

The regenerating muscle at 30 days (Table 2) shows
the adenosine compound concentrations which are
predicted from the correspondin g ffeatiîelphospho-
creatine ratios. This suggests strongly that the equi-
librium of the energetic substrates is similar to that
in the control muscle. It remains of course to be seen
whether this equilibrium persists during the tetani-
zatiofr, as is the case for normal muscle (Canfleld and
Maréchal" 1973).

After the operatioû, the time course of the nucle-
otide concentrations parallels roughly that of pC (see
Fig.4). There is, however, one important difference
which is mainly seen in the first 2 weeks after the oper-
ation. The scattff of the data is large, much larger,
comparatively, than that of PC. One possible reason
is that the iuurerous mononuclear cells which are
present in the degenerating muscle (Carlson, 196g)
contain variable arnoLlnts of ATp, or, conversely, that
the degenerating muscle contains a variable number
of monônuclear cells, each having siurüar ar-.ount of
ATP.

F. Metabolites af the Glycolytic pathway

Table 3 gives the general pattern for some metabo-
lites of the glycolytic pathway during the degenerative
and eariy regenerating stages of minced muscles, in
comparison with their contralateral controls.

Lactic acid is quite abundant in the control mus-
cles: 2.13pmol/g. This value is higher than that re-
ported for gastrocnemius muscles by Cerretelli et at.
(1972) and Ambrosoli and Cerretelli (19j3) who both
found 1.6 pmollg. However, the difference is not large,
about 0.6pmo1lg, and is perhaps ascribable to the
difference in temperature: they kept the isolated gas-
trocnemius at 4' C, while we kept the frogs and the
muscles at 20' C before freezing them. Another pos-
sibility is that glycolysis was triggered during the fieez-
ing. There is some disagreement among authors as to

the rate at which glycolysis might start during a tetanus.
It seems that it might start quite rapidly at20" C (Can-
field er al.- 1973)- However, even after a tetanus lasting
12 w. at 20' C, the lactic acid production of frog sar-
torius muscle is still moderate: about 1.54pmol/g
(Marechal er al., 1975'1to 2.02 (Maréchal and Lebacq,
1972). A production of 0.6 pmol/g of lactate would re-
quire a tÊtânus lasting 4 sec. It seems to us highly im-
probable that the isolated gastrocnemius would have
been stimuliated for such a long time, either by our
manipulations" or during the freezing. It might well
be that the rather high amount of lactate found in the
muscle rcflects the normal state of affair of a resting
gastrocnemius.

Hox-erer, the operated muscles do contain large
amonnts of lactate, especially if compared to the
amount of PC or ATP found there. This is noteworthy
during the degenerative stage (f,rst 8 days after oper-
ation): the amount of Iactate is about half that of the
control muscles, in spite of the fact that the pC and
creatine content of the degenerating muscles is very
low. This might be a consequence of the anaerobic ac-
tivity of the numÊrous mononuclear cells characteristic
of this stage, which probably obtain their energy
mainly from the glycolytic pathway (Rifenberick er a/.,
1974). As the histological and the histochemical ob_
servations show complete loss of glycogen 12 hrs after
operation, and also an absence of blood supply
(Schmidt, 1968; Snow, 1gl3),ithas to be assumed that
enough glucose can still diffuse from the surrounding
tissue, in order for the anaerobic metabolism of the
population of mononuclear cells to continue. During
the regenerating stage (15-30th days after implanta-
tion), the amount of lactate is stilt high, and eventually
gets higher than in the control muscles. This last fact
probatrly needs a different explanation from the ap-
parently sirnilar finding for PC. While pC is very much
dependent on the rate of freezing, this is not true for
lactate. As we have discussed above, it is not likely
that our manipulative processes could have increased
the lactate Çontent of the dissected muscles. Therefore,

t

t



\lu:c1c Reseneration

rt is probable that the lactare content of the muscles
operated on 30 days prer ior-rs1r. bein_e higher than their
contralateral controls. is not due to an unintended
stimulation of the muscle. but is rather to be ascribed
to the anaerobic metabolism ol the regenerated tissue.

Fructose-1,6-diphosphate and z-glycerophosphate
show variations similar to rhose of lactate, although
due attention must be paid ro the large standard errors
obtained for thes.- subsrrates. The discrepancies in
time-course betu.een th. amount of hexose mono-
phosphates, fructose-1.6-diphosphate and a-glycero-
phosphate indicate chan,ses in reaction fluxes, which
may perhaps depend on changes in the enzymes colt-
cerned (fructose-6-phosphate kinase, aldolase, etc.),

The hexose monophosphates (glucose-1 -P, glucose-
6-P and lructose-6-P) do not follow the pattern
set by the othe l slr.coh tic substrates. They rather sho\1
a post-operattre tinte-coLrrse similal to that of phos-
phorylcreatine. \\'e har-e no explanation for this
intriguing fact.

DISCUSSIO\

The time-cor-trsc t'ri rtdenosine components and g11c-

olytic intermedrates ir.r minced muscles regeneratir.rs
for 30 days aiiel irrplantation has been described in
the scction on results. We refer to this section lbr a

short discussion r'ri these aspects, whilst we shall nou
focus to a practical problem of much importance in
muscle regeneretion studies: the evaluation of the
amount of contrectile rnaterial. Such a problem might
seem trivial, but rt rs tn lact complicated by a number
ol factors.

The most dtrect u ay to solve this problem would
be to measure the unount of one contractile protein.
lor exernple actin. Such measLlrements are difficult to
lrerform, because rt is necessrrr), to isolate qutnti-
tativel)' the protein. There is, in lact. no contritctile
protein whicli rs easv to measure quantitatirelr. A
somewhat less direct approach rvould be to measure
the acid-soluble adenosine-diphosphate. According to
Sera_vdarian et al. (1962'1, about 62on olit is bound to
F-actin. However, ADP is bound to many other pro-
teins and enzymes as well, and there is no guarantee
that the ratio ol F-actin to the other ADP-binding
proteins remains constant during the course of the
re_sellelative process. Quite to the contrary our results
sirou' a large scatter ol the amounts of ADP found in
the regenerating n-ruscles; this fact indicates that the
tl'actior.r of ADP boilnd to F-actin changes unpredict-
ablr' durrno re-seneration. and, accordingly, the ADP
contel.rt ol the n-ruscle is not an acceptable estimate of
the aurorr rrt ol'l--uetirr.
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A third method, which is very popular, is to use
the weight as an estimate of the amount of muscular
tissue. Such a procedure has been criticall;, discussed
by Carlson (1963) and Wilkie (1968), who pointed our
hou, dilhcLrlt it is to measure accurately the weight
of a muscie u hich has been put into a Ringer solution.
Thev discuss the differences between ..drained wet
rieight" and "blotted u,et rveight". Such subtleties
are important onlr if chan_ses in weight of a few per-
cent are ol some concern. or il the amount ol tissue is
less than 10-10 mg. trùich is not the case in our
studie s. Other objections to the use of the wet weights
are rrrrre intportant in the 1i'ame ol our experiments.
First. rl.iere is no necessarl, link between the wet weight
and the amounr ol contractile material which has been
resrnthesized. \lorphological observations are com-
mLrn. \\hrch sirou' that the regenerating muscle con-
ir.tins rariot-rs and numerous mononuclear cells, dense
.onnecti\e tissue and fewer muscles f,bres (Carlson,
l9-lt. See-ond11,', the wet weights vary quite much, as
sh..t n rn our Fig. 1, depending on the time after oper-
r.-tion and on the amount of implanted tissue, because
ih.re are r,ariable proportions of oedema and con-
ir:ciire tissue. It is interesting to recall here that the
:\irecellu1ar volume, as evaluated by the inulin dif-
IusiLrn space is twice that of control muscle through-
,'u: the po\topel'rti\e tirnc.

\r.rother version ol the §'eisht method is the "drr "
-* light. This metl-rod is obvior-rslr unpractical rvhen the
;hemrcai measurements ha\.e to be made on a r.t.ruscle
:],irllct. perchlolic tn our case,

-\ tburth method is Io rleasure the maximum te-
,-..:r:c tension. This method rs surelr one of the best
-:,-,ur a ph1'sioloeical point tri r reu . as rt er aluates the
,::--trLrltt of muscle §,hich rs iunctional lor the animal.
L:res bten u:ed b1 Salaiskr r-1 971tuho tor,rnd that
r:.e:rerated rluscle of mice ctruld derelop a retenic
l:n.ion ol apprtrrimateh -1j ol control '.Jn_:itru.
-5 Jals alier the operation tr u.hich the muscle: had
t,eel mincecl. and Carlson and Gutmann (19-ltu'ho
ilrLnd that 1(-)0 d:.r: after ir.nplantatron. the r.ninced
rilI slstrocner.r.rius could der elerp a low tetanic tension.
abrrut 10", ol ..rnrro1s. despite the fact that rheir
uer_shts ner: abtrLrt hali oi rhe controls. We have not
lbund rn the literaiure anr information on t1.re tension
deieloped br tio.'e ntuscle regenerates.

\ fifth method 1s ro LlsÈ the total creatine colttent
(Cf : sum ol cleatine and phosphorylcreatine) as irn
estimate ol the "stze" ol the rnuscle. Total creatine
content is quite u:11 correlated to the tetanic tension
and heat productioll: this correlation is better than
tirat slrowrr b1 the ueight 1Wi1kie, 1968). It is rhus a
reasonable asumption to h1'potllesizethat the amount
of C-, in a muscular tissue bears a constant relationsitip
to the amount of contractile proteins in the intact
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muscle cells. Although there is still no conclusive prool
of such an hypothesis, it is interesting to discuss it in
the frame of our experiments.

Fig.3 shorvs that the time course of C, after the
operation is very different from that of the weight
(Fig. 1) and ol nucleotide concentration (Fig. 4). One
can divide it rnto two periods, which corresponds
quite weli r,i'ith the two morphological and histochemi-
cal stages u,hich have been described (Carlson, 1968 I

Snow, 1974). During the flrst stage, which lasts about
2 weeks. the minced muscles have a very low amolint
of Cr, less than 5\ of that of the controls. This fact
indicates that there is then very little functional mus-
cle. What 1itt1e is left does not depend on the size of
the rmplant. because as little C, is found in the cases

where the rhole muscle is reimplanted (trig.3, open
circles) as in the cases where abovt 213 of the minced
is reimplanted (fil1ed circles). It is interesting to point
out here that the u'et weight is very different in these
two situatitns (see Fig. 1) and, therefore it is useless

as an inder ol the amount of muscle tissue. The low
amount ol C, corresponds to the "degenerative stage"
characteristic trl this period. which consists in a de-
struction tri ihe irlplanted tissue and a proliferation
of undifl'erer:i-.ri:i mcr n oblastic ce1ls.

During th: secr.nri stage. uhich begins about
2 weeks atter .-:eraiitr:-1. the eûrount of C, in the im-
planted tissu: in.-r:ases sharpll : it is about lQ !/" of that
of the control :lr.rscles at the -l(,)th dar-. Despite the in-
crease in Cr. the §'et $eisht of the regenerating tissue
dect'eases. The:e tàcts suggest again that the wet weight
is useless as an estlmate of the magnitude of muscle
reseneratioll. but that C, is a better estimate of this
processes. lndeed. during this period, there occurs the
"early regenerative stage", characterized by fusion of
the myoblastic cells into myotubes, appearance of cross
striated fibres and overall tissular reorganisation.

All these facts suggest strongly that the amount
of Cr is well correlated with the amount of functional
muscle tissr.re present in the regenerating muscles.

If such an hrpothesis is accepted, one can under-
stand whl the C, content of muscle which regenerate
since 30 dar s is significantiy higher when the whole
minced muscle has been reimplanted then when on11.

213 of it has been reimplanted (compare open circies
with fl11ed cir.-1es oi Fig. 3): this difference might mean
that there is mc.re muscle regenerated in the lormer
case than il the latter case. This interpretation is in
agreement u ith the concept that the regenerated muscle
is reconstructed ïrom materials present in the minced
implants (Kaspar er ul.. 1971.: Carlson. 1971).

This discr.rssion indicates that the amount of C,
is a worthu hile e:rimate ol the amount of lunctional
muscular trssue. \\'e suggest that it should be used as

L. Plaghki and G. Maréchal

a relerence in the works where biochemical parameters
are studied during the course of muscle regeneration.

f - i ';q;;1 l..1ig;rirrirs. Mrs. Beckers-Bleuckr and Miss Van Schoor
iiil r:::r ,,. rh: biochemical measurements. Their collaboration
i: ,::-. -c -.11. -l;krtrs ledged.

r': :..:::.i. oi this research were supported in part by the
"FJ,..:-:-r \l-rrrrrl. de la Recherche Scientifique" of Belgium.
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