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Relationship Between the Tissue and Epimorphic Regeneration of Muscles
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SvNorsis. Entire muscles in vertebrate extremities can regenerate from minced muscle
fragments implanted into the bed of the removed muscle. The histological course of
regeneration of muscle fibers in this system is the same as that described in damaged
mammalian muscle. This type of regeneration has been called the tissue regeneration
of muscle, and entire muscles have been regenerated by this mode in urodelan and
anuran amphibians, birds, and mammals. Entire muscles are also formed in a
regenerating limb (an epimorphic regenerative process). It is postulated that there are
two fundamentally different modes of regeneration of muscles. Epimorphic regen-
eration is relathely slow, and the blastema seems to play an important role. The end
product is morphologically and functionally perfect. Morphogenesis seems to be
controlled in a manner analogous to that in the embryonic limb. The tissue
regeneration of muscles is rapid, occurring without the mediation of a blastema. The
end product is smaller and less well organized than a normal muscle, and its
morphogenesis seems to require the function of the limb. A possible parallel reaction
of skeletal elements is discussed.

The regeneration of skeletal muscle in
mammals has long been investigated
(Neumann, 1869; Volkmann, 1893; Wald-
eyer, 1865; reviewed by Field, 1960; Betz,
et fil., 1966; McMinn, 1969), but the ma-
jority of studies have treated it in the con-
text of mammalian wound healing. As a
result, there have been few attempts to
relate the process of muscle regeneration
in the mammal to the broad spectrum
of regenerative phenomena appearing
throughout the animal kingdom. A recent
series of investigations of Studitsky's (1952,
1959) method of producing entire muscle
regenerates from minced fragments has
afforded me the opportunity to study the
regeneration of mammalian muscle at the
tissue and organ level and to compare cer-
tain aspects of this process with muscle
regeneration in lower vertebrates. In this
paper T shall review the major develop-
mental events in regeneration from minced
muscle. Following this I shall discuss the
relationship between that process and oth-
er manifestations of muscle regeneration
which have been studied experimental-
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REGENERATION OF MINCED MUSCLES IN THE

RAT

Regeneration of an entire muscle in the
rat can be stimulated by removing a mus-
cle, mincing it into one-ram3 fragments
and replacing the minced fragments into
the site from which the muscle was re-
moved. Details of the operative technique
have been described by Studitsky, et al.
(1956) and Carlson (1968). Both the gross
and micro-anatomical aspects of regener-
ation of minced muscle in the rat have
been treated in detail by Studitsky (1959,
1963), Zhenevskaya (1962) and Carlson
(1968, 1970c), and they will only be sum-
marized here.

The gross form of the newly implanted
mass of muscle fragments initially con-
forms to the space left by the muscle which
was removed. For the first day or two
following implantation there is not much
change in the appearance of the fragments
except for a greater degree of adhesion,
one to another, of fragments in the
peripheral parts of the implant and the
earliest evidence of revascularization in the
most peripheral regions. Toward the end
of the first week, the distal third of the
implanted fragments has become thinner
and has established fairly strong con-
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FIG. 1. Typical 68-day minced-muscle regenerate
in the rat.

nections with the stump of the Achilles
tendon. In the proximal two-thirds, indi-
vidual muscle fragments can no longer be
distinguished at the periphery of the im-
plant, but at the center the appearance of
the individual muscle fragments has not
greatly changed from that at the time of
implantation. By the middle of the second
week all traces of the originally implanted
muscle fragments have disappeared, and
the regenerate has a readily recognizable
tendon distally, whereas proximally it be-
gins to assume a muscular appearance. In
subsequent weeks the proximal part of the
regenerate takes on more typical muscular
characteristics and the regenerating Achil-
les tendon becomes more compact and a
glistening white. Of practical significance
is the formation of strong connective tissue
adhesions between the lateral edges of the
regenerate and the underlying tissues.
The adhesions are extensive enough to

limit considerably the functional expres-
sion of a regenerated muscle. A typical
68-day regenerate is shown in Figure 1.
The weight of most regenerates is 15-25%
of the contralateral muscles. Studitsky
(1963) has published kymographic trac-
ings of contractions by regenerated mus-
cles.

During the first two days after implanta-
tion of the minced fragments, sarcoplasmic
degeneration begins. The muscle frag-
ments are loosely held together by
fibrinous material, and in scattered areas
small pockets of acute inflammatory cells
are seen. Starting with the second or third
day, blood vessels begin growing into the
minced mass, and the first evidence of mus-
cle regeneration is seen at the periphery. A
day or two after the first vascular inva-
sion, a characteristic pattern of three de-
velopmental zones is established within the
regenerate (Fig. 2). The central zone (C)
contains the originally implanted muscle
fibers. It is not vascularized and little his-
tological evidence of regenerative activity
is seen. The transitional zone (T) is char-
acterized by sarcoplasmic fragmentation of
the old muscle fibers and the appearance
of early stages of muscle regeneration un-
der the basement membranes surrounding
the degenerated muscles. Ingrowing blood
vessels reach only the peripheral part of

FIG. 2. Five-day minced-muscle regenerate in the
rat. This specimen was injected with ink to demon-
strate the pattern of vascularization. C, central
non-vascularized, non-regenerating region. T, tran-
sitional zone in which histological signs of muscle
regeneration are first seen. P, peripheral zone of
regeneration containing myotubes and newly form-
ing connective tissue. X 105.
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REGENERATION OF MUSCLES 177

the transitional zone. The inner area of
this zone, in which the first histologically
evident stages of muscle regeneration oc-
cur, is not directly vascularized. The
peripheral zone (P) contains no traces of
the originally implanted muscle fibers.
Here are found the more advanced stages
of regenerating muscle fibers and the con-
nective tissue stroma. A more complete
histological characterization of these zones
is given in Carlson (19706).

During the interval from the fourth day
to the middle of the second week after
implantation the three zones described
above remain intact, but the peripheral
zone steadily thickens and the central zone
correspondingly decreases in size. The
transitional zone maintains the same posi-
tion relative to the other two zones, but as
regeneration proceeds, this zone moves
closer to the center of the regenerating
muscle. Later development of minced-
muscle regenerates consists primarily of
maturation of cellular and tissue elements
as well as alignment of the individual re-
generating muscle and connective tissue
fibers into a highly regular orientation.

An obvious result of the zonal pattern of
development is that in any regenerate less
than two weeks old there is a radial gradi-
ent of maturity of the regenerated muscle
fibers ranging from the greatest maturity at
the periphery to the least at the center.
This is a striking contrast to the linear
pattern of maturation in outgrowing re-
generating systems, and it is an important
factor to consider when posing questions
related to the overall control of mor-
phogenesis of regenerating muscles.

The regeneration of individual muscle
fibers within this developing system does
not seem to differ significantly from that
described from other experimentally in-
duced systems of muscle regeneration. Con-
siderable uncertainty surrounds the origin
of the mononuclear myoblastic cell. Cur-
rent opinion is divided between the release
of nucleated fragments from the muscle
fiber itself (Hay, 1959, 1962; Lentz, 1969;
Reznik, 1969) and the relatively undiffer-

FIG. 3. Three-day minced-muscle regenerate in the
rat. In the transitional /one of early minccd-
nuisde regenerates, the sarcoplasm of the im-
planted muscle fibers is invaded by macrophagcs
and is breaking up. Beneath the basement mem-
brane of the original muscle fibers, early basophilic
culls are forming. X 400.

entiated satellite cells which lie adjacent to
but under the basement membrane of the
muscle fiber (Muir, et al, 1965; Shafiq
and Gorycki, 1965; Church, et al, 1966;
Shafiq, et al, 1967). Whatever their
source, the mononuclear myoblasts ac-
cumulate beneath the basement membrane
of the old muscle fiber and fuse with one
another, forming syncytial basophilic cuffs
of cells (Fig. 3). The basophilic cuffs initi-
ally surround the remnants of the degener-
ating sarcoplasm as well as the macro-
phages which are eliminating the sarco-
plasmic debris. Following this rather tran-
sitory stage of development, the basophilic
cuffs appear to consolidate and are recog-
nizable as strap-like elements with long
rows of regularly arranged nuclei in their
center and with very basophilic cytoplasm
(Fig. 4). The regenei-ating muscle fiber is
now called a myotube or sarcoblast. With
continuing maturation, there is an increas-
ing cytoplasmic eosinophilia, the appear-
ance of longitudinal myofibrils followed by
cross striations and finally die migration
of the nuclei from the central rows to the
periphery of the muscle fiber. Further
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178 BRUCE M. CARLSON

FIG. 4. Four-day minced-musclc regenerate in the
nit. MulLinucleated myotubes with central nuclear
chains are found in the peripheral zone. The
vasculalure of this regenerate was perfused with
ink. x 400.

structural details are given by Godman
(1957), Allbrook (1962), Price et al.
(1964), and Betz, et al. (1966).

REGENERATION OF MUSCLE IN THE AXOLOTL

The regeneration of entire muscles from
minced fragments has been described in
rats (Studitsky, 1954, 1959, 1963; Zhenev-
skaya, 1962; Carlson, 1968), mice (Yeast-
ing, personal communication), guinea
pigs (Studitsky, 1963), chickens and pi-
geons (Studitsky, 1954), and frogs (Sam-
sonenko, 1956, Carlson, 1968. Anatomi-
cally, the development of regenerates from
minced muscle follows a very similar
course in all these species, and the regener-
ation of individual muscle fibers differs lit-
tle, if at all, from that which occurs after
various other types of artifically applied
local trauma (Bet/, and Reznik, 196'1;

Price, el al., 1964; Allbrook, et al, 1966;
Shafiq, et al., 1967). All of the above ani-
mals share the common characteristic of
normally not being able to regenerate a
limb after amputation.

1 became intrigued by the question of
what would happen if one minced a mus-
cle in the limb of an animal which pos-
sesses a well developed capacity for com-
plete limb regeneration (an epimorphic
regenerative process). Would the minced
muscle regenerate into a new muscle by
following a developmental pathway similar
to that described above for mammals or
would the tremendous amount of tissue
destruction trigger the formation of a su-
pernumerary limb (an epimorphic type of
regenerative response)?

To answer this question, I investigated
the regeneration of the pubo-ischio-tibialis
(p.i.t.) muscle in the axolotl (Anibys-
torna mcxicanum). After the p.i.t. muscle
was minced and replaced, the subsequent
regenerative process was histologically sim-
ilar to that which had been observed fol-
lowing mincing in the frog and rat
(Carlson, 1970«). The first recognizable

myoblastic elements were seen at five or six
days. By 10 days the individual myoblasts
had begun to fuse, and within two weeks
well defined myotubes were scattered
throughout the regenerate. Striated muscle
fibers were found in abundance toward
the end of the first month. Regenerated
muscle fibers did not attain normal diame-
ters until four or five months after implan-
tation.

The formation of muscles in a regener-
ating axolotl limb differs from the process
described above. Following amputation of
the limb in a one- or two-year-old animal,
most of the activities within the mesoder-
mal components appear to be geared
toward establishing a distal blastema. The
musculature of the limb stump undergoes
a progressive distal-proximal morphological
dedifferentiation. The cells left in the
wake of this process migrate distally and
accumulate under the thickened apical ep-
idermis to form a blastema. Occasional re-
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REGENERATION OF MUSCLES 179

generating muscle fibers can be seen prox-
imal to the amputation-surface during the
first month after amputation, but the bulk
of activity is regressive. Early in the second
month the cartilaginous primordia of the
skeleton differentiate in the central part of
the blastema. The regenerating muscles
can be first distinguished as accumulations
of basophilic spindle-shaped cells lying
close to one another lateral to the de-
veloping skeletal elements. These cells fuse
into multinucleated fibers which from the
beginning are oriented parallel to one an-
other and collectively assume the gross
form of the original muscle. The develop-
ment of an individual muscle fiber from
recognizable myoblastic elements does not
differ histologically from that seen after
mincing. The regeneration of muscle fol-
lowing mincing and following limb ampu-
tation is summarized in Figure 5.

THE RELATIONSHIP BETWEEN TISSUE AND

EPIMORPHIC

REGENERATION OF MUSCLE

The results of the muscle-mincing ex-
periments, particularly in axolotls and
newts, have led to the hypothesis that
there arc two morphologically distinct pro-
cesses by which an entire muscle can be
regenerated. One is the tissue mode of re-
generation, which is seen following minc-
ing. The other is the epimorphic mode of
regeneration in which a new muscle is
formed in the context of a totally regener-
ating limb. To determine the validity of
this hypothesis, it might be instructive to
compare what is known and what is not
known about certain critical events in each
process.

At the cellular level very little is known.
The origin of the myoblastic cell has not
been agreed upon in any regenerating sys-
tem. Most workers in the field of amphibi-
an limb regeneration maintain that the
damaged muscle fibers of the limb stump
break up and that the nucleated fragments
which are released migrate distally to
form the blastema (Towle, 1901; Thorn-

ton, 1938; Hay, 1959, 1962; Lentz, 1969).
Simpson (1965) and Mufti (1969) have
provided quite convincing evidence that
the muscle in the stump of autotomized
tails of lizards and salamanders is not
a major contributor to the muscle arising
in the tail blastema. A good summary of
differing viewpoints is given by Schmidt
(1968, pp. 30-37).

The majority of those studying the re-
generation of damaged mammalian muscle
(tissue regeneration) have been inclined
to suspect the satellite cell as the precursor
of the myoblast (Muir, el id., 1965; Shafiq
and Gorycki, 1965; Church, ct ah, 1966;
Shafiq, el id., 1967), but recently Reznik
(1969) has concluded that in damaged
mammalian muscle, mononucleated cells
are pinched off the damaged cytoplasm
and pass through a transitory satellite-cell
stage before becoming myoblasts. At
present there is no information which
would help to identify the nature of the
precursor cell of the muscle fibers regener-
ated after mincing in the axolotl.

Once begun, the differentiation of mus-
cle fibers seems to follow the same mor-
phological course in both minced muscle
regeneration and in limb regeneration. Up
to now direct comparison has only been
made in urodeles and only at the light
microscopic level.

Differences between minced muscle re-
generation and the epimorphic regener-
ation of muscle are more readily apparent
at a level of organization more complex
than that of the single cell, i.e., at the
tissue and organ level of organization. The
most obvious difference is the absence of a
regenerative blastema in any system of
minced-muscle regeneration examined thus
far. Regenerating muscle fibers arise
throughout the mass of minced muscle, but
no cells with the histological appearance
of blastemal cells have been found in
minced-muscle regenerates of newts, ax-
olotls, frogs, or rats. There is no evidence
that interactions between epidermis, nerve,
or adjacent muscle and bone are necessary
for the initiation of the regenerative re-
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REGENERATION OF MUSCLES 181

FIG. 5. Comparison between tissue- and epimorphic
regeneration of muscle in the 200-mm axolotl. A.
Five-day minced-muscle regenerate. Originally im-
planted minced-muscle fragments fill the entire
field. Scattered among the muscle fragments are
crythrocytes and leukocytes. Little evidence of re-
generation is seen at this stage, x 53. B. Ten-day
minced-muscle regenerate. Myoblasts are beginning
to fuse into myotubes. Basophilic cuffs are not so
evident as in higher forms. X 210. C. Minced-
muscle regenerate after 150 days. The regener-
ated muscle fibers have attained normal diameters,

but there is considerable connective tissue among
them. The cross-sectioned muscle fibers at the
bottom of the figure are from an adjacent nor-
mal muscle. X 53. D. Limb regenerate after 34
days. X 22. Cells in the region of future muscle
formation (arrow) appear in inset (x 400). E.
Limb regenerate after 44 days, x 22. An area of
early myogenesis (arrow) appears in inset (x
400). F. Limb regenerate after 91 days, showing
fully regenerated muscle, x 22. Inset (x 400).
Figures A, B, C, reproduced by courtesy of the
Wistar Press.

sponse. Studies based on vascular injection
of the rat (Carlson, 1970c) indicate a
relationship between the ingrowth of
blood vessels and the onset of muscle re-
generation in minced muscle, but it is like-
ly that the relationship is facilitatory
rather than causal. This viewpoint is sup-
ported by our recent studies on regener-
ation of frog muscle in diffusion chambers,
and by the observations of O'Steen (1962,
1963), who recorded the regeneration of
both mouse and human muscle in diffusion
chambers implanted into the peritoneal
cavity of mice.

In contrast to the pattern described
above, a blastema of dedifferentiated cells
is one of the most prominent morphologi-
cal features in an epimorphic regenerative
response. Although it has not been une-
quivocally proven that the blastema prop-
er contains potentially myogenic cells, the
bulk of available evidence points to this
conclusion (Thornton, 1938; DeHaan,
1956; Hay, 1962; Simpson, 1965; Tram-
pusch and Harrebome'e, 1965). Whether
myogenic cells are an integral part of the
blastema or not, the fact remains that the
period of the undifferentiated blastema
represents a phase during which no iden-
tifiable muscle cells have been detected in
the regenerate. Immunological studies
(DeHaan, 1956; Laufer, 1959) have shown
that during this period, cells reacting with
anti-myosin antibody can not be demon-
strated distal to the surface of amputation.
Proximal to the blastema, the muscles of
the limb stump in the axolotl show occa-
sional newly regenerating fibers, but not
infrequently in the newt the stump mus-

cles continue to dedifferentiate as the blas-
tema is being elaborated, and very little
evidence of muscle regeneration is seen
during the period of the early blastema.

Another outstanding difference between
minced-muscle regeneration and the epi-
morphic regeneration of muscle is in
the rates of the two processes. The reap-
pearance of regenerating muscle fibers af-
ter the implantation of muscle fragments is
quite rapid in all species studied, and in
the rat it corresponds with the rates ob-
tained by others for the repair of muscle
damage following relatively minor trauma
such as transection. Thus, after mincing,
myotubes are seen within three days in the
rat, 7-9 clays in the frog, and 8-10 days in
the axolotl. The redifferentiation of mus-
cle in epimorphic regeneration is a much
more leisurely process. In the undifferenti-
ated limb blastema of the axolotl (30 days
after amputation) there are no cells which
can be called myogenic cells on the basis
of their morphology alone. Multinuclealed
muscle fibers do not appear until cartilage
has differentiated in the regenerate early
in the second month after amputation.
The only other animal in which the rates
of minced-muscle regeneration and the
epimorphic regeneration of muscle have
been compared is the adult newt (Tri turns
viridcscens), and they are comparable to
those noted in the adult axolotl.

A third instructive difference between
the two proposed types of regeneration is
the degree of morphological perfection of
the end product. Although minced-muscle
regenerates normally establish morphologi-
cally correct tendinous origins and inser-
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tions, they differ from normal muscles in
several ways. Their total size is consider-
ably less in most species studied; the pro-
portion of connective tissue to muscle is
higher, and in some cases the internal ar-
chitecture is less regular than normal.
Some of the muscles regenerated from
minced fragments resemble their normal
precursors quite closely, but the morphol-
ogy of other regenerated muscles strongly
indicates that other factors than the origi-
nal form of the muscle determine the shape
of the regenerate. A specific example of this
occurs after removal of the gastrocnemius,
soleus, and plantaris muscles in the rat.
When these are minced and replaced into
the limb, only one muscle regenerates, but
the tendinous origins of all the original
muscles are usually connected to the regen-
erate by connective tissue. Tt appears that
the standard form of minced muscle regen-
erates is a muscular proximal portion
which tapers to a strongly tendinous distal
insertion. Local variations in tendinous at-
tachments depend upon the individual
muscles concerned. In contrast, the mor-
phology of the muscles in regenerated
limbs is almost always perfect with respect
to both gross form and internal architec-
ture. Even during the initial stages of mor-
phogenesis, the regenerating muscle fibers
are situated parallel to one another. This
is in 7iiarked contrast to early minced-
muscle regenerates in which the early myo-
tubes are scattered in all directions.

Although the primarily descriptive ma-
terial given above strongly suggests that
the epimorphic regeneration of muscle is a
distinctly different process from that
which occurs after mincing, additional ex-
perimental material is needed to confirm
the validity of this hypothesis. Work is
presently being done in my laboratory to
define the origin of the myogenic cells in
the two systems, to determine the role of
function in the morphogenesis of regener-
ating muscles, and to compare the inhibi-
tory effects of certain procedures, such as
denervation, x-irradiation and hypophysec-
tomy upon the two processes.

TISSUE AND EPIMORPHIC REGENERATION OF

SKELETAL ELEMENTS

In order to determine whether the abili-
ty to regenerate by two apparently differ-
ent modes is unique to muscle or if it may
be indicative of a more general pheno-
menon, I compared other components of
epimorphic regenerating systems to see i[ a
similar duplication of potential regener-
ative responses might occur. There does
seem to be a parallel situation in the reac-
tions of skeletal tissue in the amphibian
limb to traumatic stimuli.

Cartilage, like muscle, can be formed by
two morphologically distinct processes,
each of which follows a different time
schedule. Following limb amputation, the
epimorphic regeneration of cartilage is ac-
complished by the formation of a blastema
and the differentiation of competent blas-
temal cells into chondrocytes. The differ-
entiation of cartilage in implant-induced
supemumerai'y limbs is also preceded by
the appearance of a blastema (Ruben,
1955; Carlson, 1967a), and the rate of this
process is even slower than that occurring
after the amputation of a limb. However,
cartilage can be induced to form much
more quickly and without the mediation of
a blastema (tissue regeneration) after
such diverse insults to the limb as fractures
(Pritchard and Ruzicka, 1950), an injec-
tion of beryllium nitrate (Carlson, 1970d)
or multiple injections of saline (Carlson
and Morgan, 1967). Cartilage of the same
type is formed around the cut ends of
bone in non-regenerating limbs of frogs
(Goode, 1967; Polezhaev, 1968; confirmed
by me) and mammals (Schotte and Smith,
1959; Scharf, 1961). It is also seen at the
cut end of bone in regenerating urodelan
limbs (Mettetal, 1939; Schmidt, 1958,
1968, p. 94; Trampusch and Harrebomee,
1965; Carlson, \967b). Tn most of these
cases the cartilage arises in the inner rela-
tively undifferentiated layer of the perios-
teum by direct differentiation. In my ex-
perience the appearance of such cartilage
has always been accompanied or preceded
by the osteoclastic destruction of bone. Tt is
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SKELETON MUSCLE
Tissue

.Regeneration
Epimorpliic

.Regeneration
Tissue

.Regeneration
Epimorpliic

Regeneration

periosteum

direct differentiation

cartilage

cartilage or bone

dedifferentiation

blastema

cartilage

FIG. 6. A comparison between the major events of
tissue- and epimorpliic regeneration in muscular
and skeletal tissues. As stated in the text, dediffer-
entiation of muscle fibers themselves is the likely
source of myogenic cells in the epimorphic regener-
ation of muscle, but a contribution by satellite cells
has not been ruled out. If, in the tissue regener-
ation of muscle, satellite cells prove to be the sole

also significant that the differentiation of
this type of cartilage has a higher thres-
hold of sensitivity to actinomycin D than
does blastemally derived cartilage (Carl-
son, 1966, 1967b).

Thus in the amphibian limb there seems
to exist a parallel range of regenerative
responses in the muscular and cartilag-
inous elements (Fig. 6). Some types of
trauma to these tissues elicit a rather
prompt restorative response in which cellu-
lar and tissue differentiation occur in the
absence of a blastema (tissue regener-
ation). Other stimuli, however, lead to the
formation of a regeneration blastema
from which both skeletal elements and
muscles differentiate (epimorphic regener-
ation). A major unsolved question is
whether these regenerative responses result
from qualitatively different initial stimuli
or whether after a given stimulus, the
group of affected cells is committed to one
or the other regenerative response at some
later stage in the series of reactive events
to the initial stimulus. Even in an overall
epimorphic regenerative response a certain

source?

dedifferentiation ?

no blastema

muscle

source?

dedifferentiation

blastema

muscle

source of the myogenic cell, the process would
closely parallel the tissue regeneration of skeletal
tissue. However, if the myogenic cells arose from
nucleated fragments of muscle fibers themselves, a
form of dedifferentiation would occur, but the
process would not lead to a blastema as in epimor-
phic regeneration.

amount of tissue regeneration occurs. For
example, in the amputated urodelan
limb, a cap of cartilage forms around the
cut end of the bone before differentiation
from the blastema has begun. A limited
amount of muscle regeneration also occurs
in the limb stump before differentiation of
the blastema has begun (DeHaan, 1956;
Laufer, 1959). This is best demonstrated
in the mature axolotl. It is present to a
much lesser extent in the adult newt.

CONCLUSION

What are the implications of the obser-
vations and the hypothesis presented
above? An examination of the phylogenet-
ic distribution of tissue and epimorphic
regeneration is instructive. Some degree of
tissue regeneration has been found in all
classes of vertebrates examined, and the
entire muscles have been regenerated by
this mode in urodelan and anuran amphi-
bians, birds, and mammals. Fishes have
been woefully neglected in studies of tissue
regeneration. Natural epimorphic regen-
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eration of extremities has been described
in cyclostomes, bony fishes, urodelan and
larval anuran amphibians, and lizards. In
addition, epimorphic regeneration of nor-
mally non-regenerating structures has been
stimulated in adult frogs, in lizards, and
in the limb of the newborn opossum.

Tissue regeneration is a relatively rapid
process which seems to require the func-
tional activity of the extremity for com-
plete differentiation and morphogenesis of
the damaged tissue. Tissue interactions of
the embryonic or inductive type do not
appear to be necessary. Although a reason-
able restoration of the damaged tissue is
produced, it is normally neither morpholo-
gically nor functionally perfect. In con-
trast, epimorphic regeneration, a relatively
leisurely process, leads to the perfect mor-
phological and functional restoration of an
entire extremity as well as its individual
tissue components. This process seems to
require a number of specific tissue interac-
tions in order to proceed, and the early
phases of development and morphogenesis
appear to be independent of on-going
function. Epimorphic regeneration is con-
fined primarily to aquatic forms or to
species which do not absolutely depend
upon the function of all extremities for
individual survival. The lack of a given
extremity, however, may seriously hinder
certain activities, such as reproductive be-
havior, which are required for survival of
the species.

Tissue regeneration is a property of
muscle and bone in all vertebrates, and its
phylogenetic survival may be related to its
ability to occur within a functioning ex-
tremity. The imperfect form and function
of the regenerated structure may represent
the price paid for the relative rapidity
with which the repair is made. Epimorphic
regeneration, on the other hand, appears
to be a developmental luxury confined to
those forms for which the loss of an ex-
tremity does not constitute an immediate
threat to life and which can afford the
expenditure of time and morphological al-
terations of the remaining tissues to repro-
duce exactly the damaged structure.
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