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ABSTRACT In over 50 cases the puho-ischio-tibialis muscle in mature axolotls was 
removed, minced and the minced fragments replaced into the site from which the 
muscle was removed. In 13 control animals the same muscle was removed but nothing 
was replaced. Regenerates were studied at postaperational intervals of up to 150 days. 
Both grossly and histologically the regeneration of muscles from minced fragments in 
the axolotl follows a course very similar to that observed in frogs and rats. There is 
an initial period of destruction of the sarcoplasm of the minced muscle fragments. 
This is characterized by intense phagocytic activity. Following this, a population of 
myoblasts is established and the differentiation of mature muscle fibers ensues. The 
regeneration of muscles from minced fragments is compared with the formation of 
muscles in regenerating limbs. Following mincing, new muscle fibers develop rapidly 
and without the mediation of a blastema. Following limb amputation, a blastema 1s 
established before any differentiation of muscle occurs in the regenerate. This occurs 
more slowly than the differentiation of muscle fibers following mincing. The implica- 
tions of these differences are discussed. 

Several investigators (Studitsky, '59; Zhe- 
nevskaya, '62; Gallucci et al., '66; Carlson, 
'68) have demonstrated that completely 
removed muscles in higher vertebrates 
(frogs, chickens and rats) can be recon- 
stituted from re-implanted minced muscle 
fragments by a regenerative process his- 
tologically similar to that which occurs 
after many types of minor trauma. This 
type of regeneration is often referred to as 
tissue regeneration and consists of the ap- 
pearance of a population of myoblastic 
cells, their fusion into multinucleated strap- 
like elements called sarcoblasts or myo- 
tubes and the differentiation of the ele- 
ments of the contractile apparatus within 
these regenerating fibers. Such muscle re- 
generation proceeds without the early ap- 
pearance of a blastema, but neither the 
cellular origin of the myoblastic cells nor 
the factors which control the differentia- 
tion and ultimate morphogenesis of minced 
muscle regenerates are known. 

The regeneration of muscle as a tissue 
has been studi,ed extensively in mammals 
(reviewed by Betz et al., '66; Field, '60; 
Studitsky, '59; Zhenevskaya, '62) and to a 
lesser extent in birds (Studitsky, '54) and 
adult anuran amphibians (Carlson, '68; 
Samsonenko, '56), none of which forms 
are normally capable of participating in 
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complex epimorphic regenerative processes 
such as the restoration of an amputated 
limb. In salamanders and tadpoles, how- 
ever, the regeneration of muscle has been 
studied as a part of the overall process of 
limb regeneration (De Haan, '56; Hay, '59, 
'62; Laufer, '59; Thornton, '38; Towle, 
'01), but the regeneration of muscle outside 
the overall context of limb regeneration has 
received little attention. 

The research presented below was de- 
signed to answer the following question : 
In an animal with a high capacity for limb 
regeneration, what would happen if one 
removed a muscle, minced it and reirn- 
planted th'e minced fragments? Would a 
new muscle regenerate in the manner 
which has been described for higher verte- 
brates or would the extensive damage to 
the muscle be a sufficient stimulus to elicit 
an epimorphic regenerative response in the 
form of a supernumerary limb? 

MATERIALS AND METHODS 

This experiment was conducted upon 
two year old black axolotls (Siredon mexi- 
canurn) ranging in length from 195-225 
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mm. After anesthetization in 1 : l O O O  MS 
222 (Sandoz) or 1 : 1000 ethyl m-aminoben- 
zoate methane-sulfonate (Eastman), the 
pubo-ischio-tibialis (p.i.t. ) muscle (Fran- 
cis, ’34) was removed through a skin in- 
cision as indicated in figure 1A. Although 
the p.i.t. muscle arises close to the midline, 
the muscle fibers fan out into a thin sheet 
proximal to the dotted line in figure 1A. 
The gross architecture of the muscle also 
undergoes a rather consistent and abrupt 
change at this level. This anatomical pe- 
culiarity plus the frequent presence of ec- 
topic mucous glands in this region prompt- 
ed the decision to remove only the distal 
portion of the muscle, After its removal, 
the muscle was minced by scissors into 
1 mm3 fragments (fig. lB), and the minced 
muscle fragments were then replaced into 
the site from which they were removed 
(fig. 1C). The incision in the overlying skin 

Fig. 1 Diagram of operation. A. Normal re- 
lationships of pubo-ischio-tibialis and pubo-tibialis 
muscles. All tissue of the p i t .  muscle distal to 
the dotted line is removed. B. The muscle is 
minced on the back of a Petri dish. C. Reim- 
plantation of the minced fragments and sutur- 
ing of the skin. 

was tightly sutured with 7-0 silk in order 
to prevent a wound epidermis from form- 
ing o17er the mass of minced muscle. The 
control experiment consisted of removal of 
the p.i.t. muscle as was done in the experi- 
mental series, but nothing was replaced. 
Sterile operating conditions were not nec- 
essary. Following the operations, the ani- 
mals were kept in individual glass bowls 
and maintained at 21°C for the duration 
of the experiment. About 50 muscle regen- 
erates were examined at intervals up to 
150 days after the mincing operation. All 
regenerates were fixed in Bouin’s, serially 
sectioned at 7 and stained with Ehrlichs 
hematoxylin and eosin. The histological 
course of muscle regeneration in this ex- 
perimental system was compared with that 
seen in post-amputational limb regenera- 
tion in axolotls of the same size and main- 
tained at the same temperature, feeding 
and environmental conditions. 

RESULTS 

Gross results. Experimental series. 
Grossly the development of minced muscle 
regenerates follows the pattern observed 
in other vertebrates. By the end of the first 
week the overall form of the mass of 
minced fragments is molded to an approx- 
imate model of the removed muscle. Be- 
cause of early regenerative events and the 
proliferation of connective tissue at the 
periphery, the form of the regenerate is 
quite well maintained even though the cen- 
tral area contains little more than muscle 
fragments held together by fibrin. During 
the second and third week the total mass 
of the regenerate decreases because of the 
breakdown of the originally implanted 
muscle fragments. After the first month 
the size of the regenerate increases, the 
amount being proportional to the percent- 
age of regenerating muscle fibers as op- 
posed to connective tissue in the regen- 
erates. Figure 2 illustrates two gross regen- 
erates at 37 days. 

Control series. In 13 cases the p.i.t. 
muscle was removed in the usual fashion, 
and in two cases the entire p.i.t. muscle 
was excised. The limbs were then ex- 
amined at post-operative intervals of up 
to 82 days. Grossly, muscle regeneration 
was not observed from the cut ends of the 
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Fig. 2 Thirty-seven day muscle regenerate. The size and organization of the regenerate on the 
right limb is exceptional. That on the left is more typical. The extent of regenerates is indicated by 
arrows. 
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p.i.t. muscles. In two cases thin bands of 
connective tissue were observed connecting 
the stump of the excised muscle to the dis- 
tal femur. Histologically, these did not con- 
tain muscle. Hypertrophy of the pubo- 
tibialis, the caudo-femoralis and the pubo- 
femoralis muscles is pronounced after 20 
days. In one case a hypertrophied caudo- 
femoralis muscle was mistakenly thought 
to be a regenerate. This prompted a gross 
examination of two control limbs at five 
or six day intervals for 33 days. This pro- 
cedure clearly indicated that no gross re- 
generation occurs from the distal cut end 
of the p.i.t. muscle. Figure 3 illustrates a 
control limb and shows the relationships 
of the surrounding muscles to the stump 
of the p.i.t. muscle. 

Microscopic results. Experimental ser- 
ies. The general pattern of minced muscle 
regeneration in the axolotl is very similar 
to that described for rats and frogs (Carl- 
son, ’68). Throughout most of the first 
week pockets of erythrocytes and leuko- 
cytes may be seen scattered among the de- 
generating muscle fragments (fig. 4).  In- 
filtration by macrophages and the subse- 
quent degeneration of the sarcoplasm of 
the implanted muscle is well underway by 
the end of the first week. At this time the 
first cells which resemble myoblasts are 
visible. These may be either free spindle- 
shaped cells with very basophilic cytoplasm 
or similarly shaped cells located at the pe- 
riphery of the degenerating muscle fibers 
(fig. 5).  At this stage light microscopic ob- 
servations do not permit greater specificity 
concerning the origin, identity or fate of 
these cells. Cuffs of basophilic cells lining 
the insides of basement membranes have 
been observed, but their frequency is con- 
siderably less than that observed in frogs 
or rats. Most of the spindle-shaped myo- 
blastic cells are found in loose aggregates 
scattered throughout the developing con- 
nective tissue. Pigment and debris-laden 
macrophages form a prominent cellular 
component of the early regenerate. Fusion 
of the myoblasts begins at about ten 
days. Figure 6 illustrates several band-like 
aggregates of mononucleated myoblasts 
which have just begun to fuse. Mitotic fig- 
ures among both the fibroblasts and myo- 
blasts are not infrequently seen. In these 

early stages of regeneration, the mass oc- 
cupied by the developing connective tissue 
is greater than the mass of regenerating 
muscular elements. By the beginning of 
the third week, multinucleated myotubes 
with peripheral myofibrillae are present 
(fig. 7). The cytoplasm of the r*yotubes 
is still highly basophilic, but with a slight 
eosinophilic cast. The maturation of indi- 
vidual muscle fibers follows a course which 
differs little from that described in the 
frog (Carlson, ’68). During the fourth 
week, the muscle fibers are quite thin, and 
the nuclei tend to be centrally located 
(fig. 8). They are not, however, arranged 
in the highly regular “nuclear chains” 
which are so characteristic of regenerating 
muscle in higher vertebrates. Early in the 
second month the muscle fibers have as- 
sumed all the histological characteristics 
of normal muscle except for diameter (fig. 
9). The time required for the regenerating 
muscle fibers to attain normal diameters 
is quite long as may be seen in figure 10, 
which contrasts normal to regenerating 
muscle fibers at 81 days. Sections taken 
through a 150 day regenerate (fig. 11) 
show a return to normal diameter of the 
regenerated muscle fibers. In axolotls, as 
is the case with minced muscle regenerates 
in other vertebrates, the ratios of connec- 
tive tissue to muscle are usually consider- 
ably greater than those seen in either nor- 
mal muscle or muscles found in limb re- 
generates. The regenerate depicted in fig- 
ure 11 is typical in terms of the ratio of 
muscle to connective tissue. 

Comparison between the regeneration of 
muscle in an epimorphic process and the  
regeneration of a muscle f r o m  minced frag- 
ments .  Limb regeneration in the axolotl 
has been described previously (Carlson, 
’69; DeHaan, ’56; Hellmich, ’30; Kazancev, 
’34) and will not be redescribed here. In- 
stead, the time sequences and major mor- 
phological stages of muscle regeneration 
following mincing and limb amputation 
are compared in figure 12. The illustrations 
on the left hand side of the figure sum- 
marize the data presented above for the 
regeneration of minced m-uscle. The regen- 
eration of muscle after limb amputation 
follows basically the same histological 
course as that described by Thornton (‘38) 
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Fig. 3 Sixteen day controls showing relationships of other muscles to the stump of the p.i.t. mus- 
cle. The left limb is an exact control for the experimental series. In the right leg, the p.i.t. muscle 
was removed almost back to its origin. Cd. fm. (caudo-femoralis m.); p.t. (pubo-tibialis m.; p.i.f.e. 
(pubo-ischio-femoralis externus m ) ;  s.n. (sciatic nerve); c.g. (edge of cloaca1 gland). 
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for Amblystoma punctatum larvae. As the 
period of dedifferentiation comes to a close 
and the blastema is established, a certain 
amount of regeneration occurs as a direct 
outgrowth from the ends of the dedifferen- 
tiated muscle fibers in the limb stump. This 
regeneration, called sarcoplasmic budding 
by Thornton ('38), follows a morphologi- 
cal course very similar to that occurring in 
regeneration from minced muscle frag- 
ments. In the mature axolotl, however, this 
type of muscle regeneration in the ampu- 
tated limb appears limited to the limb 
stump and the immediate vicinity of the 
level of amputation. Most of the muscle in 
the regenerating limb arises from cells lo- 
cated laterally to the newly differentiating 
cartilage. Before these cells have differen- 
tiated to a stage at which they can defi- 
nitely be called myoblastic elements, they 
are histologically indistinguishable from 
those cells making up the rest of the 
blastema (fig. 12, 34 days). Under the con- 
ditions of the present experiment, aggre- 
gation of a dense-central core of pre-carti- 
laginous cells is just beginning during the 
fifth post-amputational week. After the car- 
tilaginous digital primordia have differen- 
tiated, groups of spindle-shaped myogenic 
cells with basophilic cytoplasm become 
aligned parallel to one another. These cells 
then fuse lateral to the skeletal elements 
(fig. 12, 44 days). It was at this stage 
when DeHaan ('56) was first able to de- 
tect muscle proteins in the regenerate by 
the use of serological methods. It is im- 
portant to note that the first masses of 
differentiating muscle fibers often appear 
in distal regions of the regenerate before 
they are distinguishable proximally. After 
this stage the individual muscle fibers un- 
dertake a morphological course of differen- 
tiation which is histologically indistinguish- 
able from that occurring in minced muscle 
regenerates (fig. 12; 49 and 91 days). The 
outstanding feature of muscles formed In 
limb regenerates is their great similarity to 
normal muscles, both grossly and histologi- 
cally. The architectural regularity of the 
muscle fibers and the extremely small 
amount of interspersed connective tissue 
offer a striking contrast to most minced 
muscle regenerates. 

DISCUSSION 

The results of this experiment clearly 
show that a given muscle in the limb of 
an axolotl can be regenerated under two 
sets of experimental circumstances - (1) 
as part of an overall epimorphic process 
occurring after limb amputation and (2)  
as an isolated process, the stimulus for 
which is the mincing of a muscle. 

Although there are distinct similarities 
in the morphological end products of these 
two processes, some of the differences be- 
tween them are even more striking. The 
differences which seem to be the most 
important are (1) the presence or ab- 
sence of a blastema, (2) the rates of 
the regenerative processes and (3) the de- 
gree of morphological perfection of the re- 
generated muscles. An adequate interpre- 
tation of these differences is difficult 
because of the many factors which still re- 
main unknown. Primary among the un- 
known factors remains the origin of the 
moygenic cells in either of the two regen- 
erating systems. Although the majority of 
those who have studied limb regeneration 
in amphibians have supported the concept 
of morphological dedifferentiation whereby 
relatively unspecialized appearing cells are 
derived from nucleated elements broken 
off from multinucleated skeletal muscle fi- 
bers (DeHaan, '56; Hay, '59, '62; Lentz, 
'69; Thornton, '38; Towle, '01; Trampusch 
and HarrebomBe, '65), many of those who 
have studied muscle regeneration similar 
to the type seen after mincing have impli- 
cated the satellite cell as the most likely 
source of myoblasts (Allbrook et al., '66; 
Muir et al., '65; Shafiq and Gorycki, '65; 
Shafiq et al., '67). 

Despite our iack of definite information 
about the origin of the myogenic cells, it 
is apparent that histologically there is little 
or no difference in the subsequent differen- 
tiation of individual muscle fibers regen- 
erating in either of the two experimental 
systems. Thus at the cellular level, the 
greatest known difference between the two 
regenerating systems is the relatively long 
delay in the onset of differentiation of 
muscle in epimorphic regeneration. The 
presence of a blastema in epimorphic re- 
generation seems to provide a key to our 
understanding of the delay. Whatever the 
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origin, new muscle fibers do not appear 
distal to the level of amputation during 
the period of the undifferentiated blastema. 
Only after the cartilaginous skeletal pri- 
mordia have been laid down does muscle 
begin to differentiate. There is presently 
available little information which would be 
useful in interpreting the significance of 
this delay, but it appears to be reflected at 
the level of tissue or organ morphogenesis 
rather than in the differentiation of indi- 
vidual muscle fibers. In terms of gross 
morphology and internal architecture, a 
muscle in a regenerated limb is usually n 
perfect replica of the original. It forms in 
the virtual absence of mechanical function 
of the regenerating limb. In minced mus- 
cle regenerates, on the other hand, both 
gross form and internal architecture seem 
to depend upon the presence of mechani- 
cal forces (i.e., tension and pressure) in 
the limb (Carlson, unpublished; Studitsky, 
'63). It is possible that the delay in redif- 
ferentiation of muscle fibers in an epimor- 
phic system of regeneration represents a 
period of time during which the myogenic 
cells are acquiring morphogenetic infor- 
mation which is needed for them to cor- 
rectly associate with one another and form 
an entire muscle. In the tissue regenera- 
tion of muscle (after mincing) the condi- 
tions leading to the acquisition of such in- 
formation may not be present. Thus the 
differentiating muscle fibers may have to 
depend upon mechanical factors alone in 
order to form a complete muscle. 

Finally, the fact that after the mincing 
of a muscle in the axolotl a supernumerary 
limb does not form indicates that severe 
tissue damage alone does not in itself con- 
stitute an adequate stimulus for the initia- 
tion of an epimorphic regenerative process, 
in this case supernumerary limb formation. 
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PLATE 1 

EXPLANATION OF FIGURES 

4 Five day regenerate. Pockets of erythrocytes and leukocytes are scat- 
tered among the degenerating muscle fibers. Note the irregular orien- 
tation of the minced muscle fragments. There is little peripheral 
regenerative activity. x 31. 

Six day regenerate. Macrophages (M) may be seen within the degen- 
erating sarcoplasm of the old muscle fibers. Spindle-shaped myoblastic 
cells (Mb) with basophilic cytoplasm are seen at the periphery of 
degenerating muscle fibers or as free cells. x 236. 

Ten day regenerate. Aggregation and early fusion of myoblasts into 
bands. These bands are located in well vascularized early ccnnective 
tissue along with many macrophages. x 124. 

7 Sixteen day regenerate. Early myotube with longitudinal myofibrils 
(arrow) present. The granule containing cells are pigment-laden 
macrophzges. x 513. 

5 

6 
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PLATE 2 

EXPLANATION OF FIGURES 

8 Twenty-six day regenerate. A field of young muscle fibers in early 
stages of differentiation. Scattered among them are macrophages. 
x 124. 
Thirty-four day regenerate. A field of regenerating muscle. Mostnu- 
clei have moved to the periphery of the muscle fibers, and except for 
the diameters, the fibers appear to be normal. x 124. 

10 Eighty-one day regenerate. A comparison between normal muscle 
fibers of the adjacent p.t. muscle and muscle fibers of the regenerat- 
ing p.i.t. muscle. x 70. 

One hundred and fifty day regenerate. The longitudinally sectioned 
fibers belong to the regenerated p.i.t. muscle. Note the diameter of 
the fibers and the amount of interspersed connective tissue. The cross 
sectioned muscle fibers belong to the normal caudo-femoralis muscle 
which meets the regenerate at right angles. Some vacuolization of a 
regenerated muscle fiber is present (arrow). x 31. 

9 

11 
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PLATE 3 

EXPLANATION O F  BIGURE 

12 Histological comparison between the regeneration of muscle fibers 
following mincing (left) and limb amputation (right). The numbers 
refer to days after mincing or amputation. 
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PLATE 3 


