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INTRODUCTION

Regeneration of lost body parts in higher animals is in essence
a cospendium of embryonic events revisited upon the adult host. It
involves the replacemant of a body part possessing ccnsiderable
structural complexity. This process is initiated by the accumulation
of undifferentiated cells termed a blastema, and brought to caspletion
by the control of differentiation in the blastema, whereby the new
Product bears close resemblance to the lost part. The regenerating
organ or part passes through the majority of morphogenetic stages as
did its embryonic counterpart.

Regeneration of structural units of the body is an integral
function of many of the invertebrate phyla. This function is a
rarity in the vertebrates. The class Amphibia, however, possesses
the capacity for regeneration and great diversity exists in the re-
generative power of the varicus groups within the class. The snuran
amphibians (toads and frogs) forfeit thelr regenerative capacity after
the metamorphosis, in contrast to most of the urodele arphibians,
(newts and salamanders), which retain thoir regenerative powers when
transformed into adults. Urodales can regenerate many parts of the
body, namely; the forelimbs, hindlimbe, digits, tails, much of the
aye (sic lens, iris, and retina), peripheral nerves, and the anterior
part of the head.

This thesis will 1limit its range of investigation to forelimb

regenaration in the adult urodelan salamander, Ambystoma texamunm.




The purpose of this investigation is three-fold:

1.

2.

3.

To perform an initial study of forelimb regeneration in the

little-studied species, Ambystoma texamm, and establish

whether regeneration does occur under the exparimantal
conditions, This will provide evidence that another species
of salamander possesses regenerstive capacity and will per-
haps advance the knowledge of the phylogenetic distribtution
of limd regeneration in the family Ambystoamidae.

To follow the regeneratiom of the forelimb by describing
the varicus stages of develorment and to establish the
average time of mcaﬁticn for each stage.

To trace the extermal gross morphological changes and the
interaal mimate histologlical changes of the regenarsting
1imb,



LITERATURE REVIEW

The first recognition of amphibian regeneration is generaily
credited to Spallanzeni (1763). Nicholas (1955) stated that the
ninsteenth century literature had many referunces to atmormalities
created aftsr regeneration, and that researchars of the late nine-
teenth and early tweatieth centuries, such as T. H. Morgan, P. Welss,
R. Harrison, end W. Roux, initiated the early atterpts to explain re-
generatian. Since 1900, many of the principles of regmwsration have
been deterwined, however, mxny paradasee still exist.

Regeneration can be divided imto phases which usually ocour in
a definite sequence or time. There axists no eharp demrcation be-
tween the phases and they may overlap. There cai be d¢ifferent phases
ocaurring at different levals of the regenerating limb. These phases
include (1) wvound-healing and apicel cap formation, (2) dedifferenti-
atian, (3) blastema formaticm, (L) differentiation and growth, (5) and
control of morphogenesis. Moat of the investigations used either vari-
cus species of Ambystoma or the newt Triturus viredescens to discover

the various principles of regeneration. Unless mentioned contrary,
literature citings will deal with regeneraticm in edult vrodelan sala-
mander of either the previcusly mentiansd gensre.

The gemus Ambystoma is also listed in the literature reviewed as
Amblystoma., Ambystoma is the taxonomically correct name of the garma.

This misnomer, Amblystoma, prodably a spelling or printing error, was
first detected in an article by Baird im (1859). The wide impact of
Baird's work possibly caused the mistake to be perpetuated. Therefore,



in bibliographic information, Amblystoma will be maintained.

Wound Healing and Apical Epidermal Cap

When a limd is severed from the body of an amphibiesn, the epider-
mis is the first tissue to respand to the amargency. The epiderwia
serves two major roles in regeneration -- wound closure and epical cap
formation, The presence of an epidermal layer is an absolute necessity
for regenaration.

Amphibian (urodalen) wound healing differs from mammalian wound
healing, in that the dermis does not cantribute to the healing in the
amphiblan. Lash (1955), using a vital stain, observed epidarmal cells
during wound healing. He found that wound closure was accomplished in
about cne day. There was detachment of epidermal cells from the base-
ment lemells bordering the wound. A sheet of epidermal cells moved
tovard the center of the wound in a coordinated mass movement, rather
than individual amoebold movement. There was simltansous arrest of
mass movement ance clogure was effected. Chislulas (1952) has shown
that there is tissue specificity in wound hsaling. Several epidermal
transplants vere shown to be incompatible with the host site epidermis.
In these cases, the two tissues would not fuse or cooperate in closure
of vounds. Thease cells may differ slightly in their chemical, or more
specifically, stersochaxical compositicn. Therefore, wound closure may
be a camplicated chemical-physical phenomena instead of a purely mechan-
ical manmifestation.

The wound epidermis may have several functicns. It protects the
stap tisgues by minimiging loss of body fluids and ingress of foraign
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materials. Needham (1941) and Thornton (1949, 1950, 1951) proposed that
the injuried epiderms)l and stump cells may secrete a wound hormone which
ray trigger the entire regeneration respanse. Beryllium nitrate, a
campound which inhibits regenexation, wae used in their investigations.
It was found that beryllium application was effective only whan applied
to the amputation surface immsdiately following amputation. Beryllium
applied six hours before or after amputation had no detrinmemtal effect
on regeneration. These investigatorz hypothesized that bteryllium de-
stroyed the wound harmane produced at the amputation surface. The
hormme either had an effect of short duratian, triggered irreversibly
the reganeration phenamana, ox; was quickly protected by the wound
closure,

Singer (1959a) stated that wound closure and other wound reactions
such as tissue bresiddown, intense phagocytosis, and formation of acar
tissue occurred within the first five days. The epidermal layer that
closed the wound started to thicken and becams the apical epidermal
cap. Singer (1559) demoustrated that the apical cap had 12 or more
layere of cells in contrast to three or four layers in the normal limb.

One of the fer rules of regeneration states that the epidermal
layer must have an unobstructed contact with the intarna) mssodersml
structures for regenermtion to occur. A dermml layer or basement mem-
brance interposed between the epidermis and mesodermal tissue will stop
regeneratiwn,

Many investigators have correlated the dermis with non-regenera-~
tion. Rose (196L) reviewed the works of Tormier (1906), Schawal (1921),

and Godlewski (1928) who discovered that regeneration was prevented by
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placing whole akin over the surface of the wound immsdiately after
axputation. This demmstrated that the dermis might bs retarding re-
gemeration. Once the wound wes covered Ly epldermis, however, whole
ekin trepsplants had no effect on the regensration. Schotte and Har-
land (1943) and Rose (191h) cemcnstrated that in adult frogs, which do
not regenarate limbs, a dermds layer was alwgys present in wound healing.
This showed that the dermis plays a large role in adult anuran wound
hegling, Rose (19L}, 1915) induced reganeration in adult frogs by ob-
taining a detmis free epidarvia by $reating the stump with sodium
chioride solutims.

The epidermis has been shown to be necessary for dedifferentiation
and blastema formation by Thornton (1957). He repoved the epidermal
layer or apical cap dally from several species of Ambystoma, and de-
differentiation and regemeration were prevented. Singer and Salpeter
(1961) proposed that the role of the apical epidermal cap in dedif-
ferentiation wvas ane of phagouytotic and orgamigation destroying nature.
Several anthors have reported indirect evidence for migration of apical
cap cells into blastemm. Scheuing and Singer (1957) injectsd beryllium
nitrate into blastamas which rasulted in necrosis and cellular destruc-
tim. Apical cells were cbserved migrating into the stump and engulfing
products of cellular destruction. A dermal lsyer would be a barrier to
this migration and inhibit regeneration.

Another requirement for regenarstion includes intimate contact be-
twean epiderral cells and nerve fibers. The role of msrves are vitally
importent to regenaraticn., Singer (1949) found that normal epiderwts
is poorly imnerveted, Wit wound epidermis has a very rich neural supply.



Hay (1960) observed that the intimate contact bstween the nerve and cells
were similar to the type found at aynazpees. Rose (19)8a, 1948b) and
Singer (1959a) suggest that the dermal laysr would stop thils intimate
omtact end correlate this with non-regensration.

Thormntan (1954), in his study of euperuumarzry 1imba, created by
deviated nerve supply, found that the basement membrane dissolves at
junctions of nerves and epidermal cells, the apical cap forms, and
meacenchymal tissue accumilates. Rose (1954) states that if not enough
afferent nervee make contact with epidermis, regeneration doess not occur.
Regeneration will atill proceed if there is an augnented efferent nerve
supply which doe® not have to enter the epidermis. This demanstrated
that some other tissue was working in cotcert with the nerves to take
over the functian of the epidermds.

Thornton (1956) summarizes by stating that an apical epidermal
cap free of dervids 1s needed for dedifferemtiation, blastema accumila-
tion, and possibly one further step assoclated with differentistiam.

The apical cep must have intimate contact with medoderrml tissue to
possibly tranamit wound hormoas messaqe, to contribute migratory phago-
cytotic cells to help in dedifferemtiation and/or to establish close
with peural pathvays.

Dedl fferentiation,

Following wound healing, the stump tissues undergo dedifferemnti-
ation which naans the retum of cells and tissues to a morphologically
simple state resembling embrywdc cells., The stimlus which triggers

dedifferentiation has not yet been clucidated., It might not be a
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single factor, but a2 number of factors working in concert. Release of
wound hormone, action of migratory organigation destroying epidermal
cells, stress of operation, and the change in sturp physiology due to
amputation have all been proposed as the initiative factor of dedif-
ferentiation. Needham (1941, 1952) proposed the exdistence of a wound
hormane or reganeration promoting factors released by stwmp cells im-
mediately after amputation. Possibly, this factor sets dedifferentd-
ation into motion. The wourd hormoas is anly conjecturml and is far
fram bedng detected directly or chemically idemtified.

The emputation or injury alters ths environment of the stump which
creates conditions conducive to dedifferentiation. The stump is a site
of great changes and upheavals in metabolism, biochemistyry, and physio-
logy. Goes (1969) and Needham (1952) describe the physicel and bio-
cherdcal changes in ths stump after amputation. Blood supply is cur-
tailed lowering the amount of axygen. Macrophages and lymphocytes are
mobilized for defense and demolition. Metabolism via the Kreb's cycle
is replaced by the glycolytic and/or pentoee phosphate shunt pathway.
This shift in metabolism was showun by Johnson and Singer (196L) when
they demonstrated that lactic dehydrogenase was presexnt in higher con-
centrations than succimic dehydrogenase and other enxymes of the Kreb's
cycle. The shift is prodbably dus to the lack of cmgygen. Anaerobic
respiration hy the glycolytic patinmys produces lactic acid. lactic
acid acammlation and other autolytic activity lowers the pH. Proteo-~
lytic engymae such as cathepsine, peptidases, and collagenases are
found in the stump. The shift in pH is beneficial for many catabolic

engymas have optimmm efficiency in the acid range. Acid phosphatase
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found in lysosomes is found in the sturmp and epidermis. Coss (1969)
and Schrddt and Weidman (196L) demonstrated that enzymes associated
with the pentose phosphate shunt are found in dedifferentiated cells,
This indicates that pemtose phosphates which comld be used to produce
energy in the glycolytic patlmmy are being directed into chamnels of
nucleotide or mucleic acid synthesis. Constructive events are taking
precedence over snergy production,

Chalkley (195L) using mitotic indices showed for the first time
that all tissues contribute cells for dedifferentiation and that there
is enough cell division to account for the increase in cells that pro-
duce the new limb,

It is questianed why the tissme mist dedifferentiate. 'hy can't
the stump tissues sirply grow out to complete the 1imb? Goss (1969)
statea that dedifferentiation facilitates mitosis and enhances plurl-
potency. Blastema formation requires a tremendous increase in cellular
division to give rise to all cells needed. Most cells can not undergo
the mitoses required, because the intricate cytoplasmic structures
whicl: are acquired due to differentiation are incompatible with mitosia.
The cells must revert to a more immature or primitive form to undergo
the many mitoses that are necessary, It is obvious that bone and
cartilage tissue mmst be dedifferentiated first to release ihe osteo-
cytes or chondrocytes from the matrices in order to replicate. Tus
these dedifferentiated cells are well equipped and streamlined for the
ensuing proliferation of the large cellular mass, the blastemsa.

It 13 believed that a majority of cells or certain cell types are
not pluripotent, They retain the heritage that they possessed before
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dedifferentiation. Steen (1968) demonstrated by labeling cells with
tritiated thymidine and/or triploid muclei that chondrocvytes whem de-
differantiating were almost always chondrocytas, There is evidence
that som» cells poseess pluripotency, but this will be covered in a
later section,

Morphologically, the dedifferentiating cells loss all resemblance
of their previous identity. The dedifferentiation of muscle will be
salected as a representative axample of dedifferentiaticn and described.
Thorton (1938) firet described muscle fiber dedifferentiatian. However,
it was convindngly caafirmai in the electron micrographs studies of
Hay (1959). She demcnatrated that the syncytial ruscle fibers at the
sturp started to fregment transversaly two to six days after amputation.
The fragmentation created mononucleate and anucleate units. The amu-
cleate units did not survive and were pradadly phugocytized or lysed.
The myofibrils in the mmamcleate units fragmented along the A and I
bands and then disintegrated. The 2- substance behaved as an extra
filamentous companant.

The monomucleated unit then appeared as a primitive msscenchymal
cell showing no clue to its origin., Schotte (1940), Hay (1958, 1959,
1962) and Butler (1935) all verified that there was no differences in
these cells to indicate tissue of origin. Hay (1959, 1962) described
the totally dedifferentisted musele cell widich would appeer identical
to all other blastemal cells. The muclel became rcund and larger,
mucleoli was prwinent, chromatin was more diffusely gramilar, and
nucleus to cytoplasm ratic was inoreased due to cytoplasmic lose during
fragmentation. The camplex endoplaswmic reticulum characteristic cf
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differentiated cells broke ur into emazller units; it also derived the
new plasme membrane. Numercus free ridonucleoprotein granules were
pregent, This discovery i:lua the nmuclear changes demonstrated that
dedifferentiating cells were undergoing active cytoplasmic protein
synthesis. Dodemer and Everett (1959), using autorediogruphy, de-
manstrated that active protein synthesis was a significant feature of
dedifferentiation as well as differentietion. GCoss (1969) indicated
that these proteins may be proteolytic enzymes mamufactured to mediats
the cell's own degeneration.

After dedifferentiation had occurred there rmst be again a modifi-
cation in physiology. Noedhan; (1952) stated that axygen is necessary
for mitosis and sams proteolytic ensymes have optimum efficiency at
higher pH.

Therefore, another lew applying to amphibians has been derived.

No dedifferantiation--No regeneratiom.

These dedifferentiated cells accumilste under the wand epithelium

to form the next state--the blastema.

Rlastema

Cellular dedifferentiation produces a structure termed a blastema.
The blastema is an increasing accumilatian of dedifferentiated cells be-
tween the apical epidermal cap and the stusip tissue. The origin of these
cells and mechanism of formation of the blastema has long been a source
of controversy. Nicholas (1955) menticned the theories advanced to ex-
plain blastema formation. They include (1) regeneration by extension
as in the tall, (2) hematogenic origin of dedifferentiated cells, (3)
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origin of blastemz cells from reserve mescenchymal cells, ()) dedif-
ferentiation of epidermal cells create blastema, and (9) origin of
blastemal cells from all stwmp tissue at samputation site.

Regeneration Yy extension is not observed in the limb since this
is restricted to structures camposed of melameric segmente as in the
tail. Theories of ordigin fram hematogenic or reserve cells were ser-
icusly discredited ty the work of Butler (1931, 1933, 1935) and Butler
and O'Brien (1952). These investigators utiliged x-radiation which has
a grouth and mitotic destructive effect which inhibite regenerationm.
Salamanders were izrradiated in two ways. One group was entirely ir-
radiated sxcept for an area a few millimeters above and below the
agmutation level, and the other group was irradisted only in an area
a few millimsters above and below the amputation level. The first group
had normal regeneration, but the latter had no regeneration. Therefore,
it vas demonatrated that the tlastemal cells were local in oxrigin, not
immigrant cella.

Finally, there is ths controversy over which tissue contributes
most cells to the blastem -- epidermis and mesodermal atwmp tissue.
Most investigators do mot recoghigze a major epidermal caontributien to
the hlastema.

Those who claimed cansiderahle epidarmal catributions were Rose
(1948b), Hay (1952), and Schsuing and Singer (1957). Rose (1948b) re-
ported an increase in blastem2l cell with an equal decrease in epider-~
mal cells. Hay (1952) and Scheuing and Singer (1957) counted mitotic
figures and ohtained an epidermal contributicn. However, autoradiogrepity
studies of Riddiford (1961), Hay and Fisclmann (1961), and Rose (196%)
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demwmstrated 1ittle epidermal contributian. Challley (1954, 1959) and
Litwiller (1939) failed to fimd epidermal lomes as did Rose (19L8b).
Fran the above evidance, it is now considered that the epidermis gives
little to the blastam.

Chalkley (1959) stated that at present the theory on the origim of
the tlastema is that it is mainly formed fram dedifferentiation of all
the tissues at the amputatian level. The enpddermis captributes anly a
fraction of the cslls, and the contributians from blood cells or resarve
cells are minor.

The blastema has been shown to emert a control over dedifferentiatiom.
This was discovered in X-rey and denervation inhibiticn investigations.
Butler (1931, 1933, 1935) and Butler and Puckett (1940) noted that X-rays
had a destructive effect as well as an imhtbitory effect om regeberstiom,
Stumpes of larval salmmndars X-rayed at amputation did not regenerate,
however, dedifferentiation began and remained unchecked. It resulted in
dedifferentiation, rescrptim, and regression of the entire stump prox-
imally to the shoulder. X-radiation of a stump with a well formed
blastenmz resulted in inactivatian of regensration, but none of the de-
structive dedifferantiation and resorption as in the previcus case oc-
curred. The blastems was especially senpitive to X-rays. It was hy-
pothesized that X-rays stop differentiation by damaging the mitotdc
mechaniem, cansing the mitotic mechaniam to disfunction, or ceusing
fallure to trammit morphogenetic informmtion. Dedifferentiation is
normally checked by actim of the blastama. When the blastema is in-
activated Yty X-ray at the time it is forming, dedifferentiation remains
unchecked, goes wild, and destroys the stamp. Irradiation of a well
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formed blastema causes no axcess dedlfferentiation, because the blastema
has already halted dedifferentiation. The above mechanism of removal of
the regressing stump is unknown.

This same dedifferentiational regression has been observed in
amputated denarvated lsrval aalamander limb by Butler and Schotte (19in,
19L9) and Schotte, Butler, and Hood (19L1). Denervation prevents the
formation of blastema, thereby, dedifferentiation is unchecked and de-
stroys the stump. Nervelessness i3 not the sole cause of regressica,
for axputation or injury is also required. The regression is simtlar
to the above mentioned one. When relnnervatiom occurs, a blastems is
induced, and dedifferentiation is brought to a halt. Schotte, Butler,
and Hood (1941), by transplanting young blastemata to regressing limba,
stopped the wild dedifferentiation., However, once a blastema hao
sgtarted to show differentiation, it has lost the capacity to control
dedifferentiation, if transplanted.

From the above exmmples, it is shoun that the presence of a
blastema is needed for cessation of dedifferentiation and to establish
and maintain a belance between the processea of dedifferentiation and
differentiation.

Ae the blasterma cells accumilate, the regenesrate appear like a
conical projection. This conical projection will socon became dorso-
ventrally flattened and acquire a shovel or paddle-like appeararnce.

This is indicative of the nert, phase--differentiation.
Differentiation

The redifferentiation of tissue closely resembles the normal
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histogenesis found in the embryo. The events of dedifferentiation are
revaersed. The nucleus reverts to a more mature form and the caglex
endoplasmic reticulum characteristic of each tissue starts to form.

To illustrate dfferentiation, mscular tissue will be followed as am
example. DeHamn (1956) described the differentiation of miscle. There
is elmgation of wmdifferentiated cells into myoblasts. Following
migration of the myocblasts into a string or aggregate, there is the
appearance of gzamiles in the myoblast cytoplasm which form the myo-
£ibrils. Finally, there is segmentation of myofibrils creating light
and dark zones and aligmment of segmented myofibrils side by side to
form cross stristions. DeRann demonstrated that early establishment
of function while the tissue is still immature is of great aurvival
value to the organism.

Goss (1969) deacribed the bdochemicsl changes in the regenerata.

As gsoon as differentiation cammences, lactic dehydrogenase, an engyme

of the glycolytic pathmy, activity subsides and Kredb's cycle takes

over. Normal vagscalarisation inables respiration to be aerobic, and

pH returma to normal in the sturp., This first occurs in the azost
praximal region of the regenerate and proceeds distally as morphogenesis
advances. Needbam (1952) stated that Hfferentliation is not similtansous
but proceeds from the stump outward distally. Also different tissues do
not differentiate at the same rate.

The pluripotency of dedifferentiasted cells mentioned previously
will now be discussed. Much evidence such as Steem's (1958) investi-
gation has shounm no pluripotency in cells. However, the accepted theory
of origin of blastems cells states that they are of local origin at the
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stump. This presuppoges that 2ll tissue types must be present at ths
stump, if there is no pluripotency. However, this has not been shown
to be the case. Velss (1939 and others removed certain bones from the
gtump, yet got formation of baone in the distal regenerates. If the ulna
was removed and there was an amputation through the lover arm, thers a-
rose an ulna starting at that amputation and proceeding distally. The
ulna was not regenerated in the stuwmp. Removal of the Immarus gave
similar results. With the humerus removed, there was bane formation
in the reganerate with no skeletal elements present in the stump.
Additional evidence in favor of pluripotency was the half-limb experi-
nents of Welss (1925a, b, 1926; rev. by Rose 1964) and foss {1957a).
The 1limbs were aplit langitudinally, meldng anterior and posterior
halves and then amputated. If all the posterior half except for the
skin wae ramoved, the distal regenerate from the half stump was complete
in all tissues. From these examples, it could be concluded that some
cells possess a pluripotency that can be marshalled if an abnormality
occurs in the stump. Newth (1958) demonstrated that there could be
considerable pluripotency. The imner tissues from a undifferentiated
blastema was removed, minced, and stuffed back into the blastema. "he
regensrated 1imb had only a few distal abnormalities. It was ther pro-
posed that the fate of undifferentiated cells may be determined by their
position in the blastema at the time dfferentiatinon began.
Differentiation of tissue finally reached the farthest distal level
in creating the digits. One of the first histological events to occur
in the shovel-shaped regenerates was the formation of procartilaginous

prongs. The remaining events include growth and enlargement. The
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Rext phase is concerned with thase final steps and cantrel of marpho-
qenswis in regmearetion.

Controlling ractors

There are several factors which camtrol regenersticon at differemt
times. The role of the spidermal csp and the blastesm In controlling
regmaretion have already beem mentioned. The following are factore
vhich also axert a comtrol,

Nerves

Mention has been made of -the necesaity of the nerves to be in
contact with the epidermal cap. Todd (1823) was ape of the firet to
recognige that denervation resuited in no regensration. It was also
shown that an intact reflex pathway was not needed for regeneration.
Singer (1943) demmstrated that the sensory supply was sufficient to
cause regeneration. Also Kasrin and Singer (1959) transplanted spimal
ganglion into denervated limbs and induced regemeration.

Singer (1542, L3, L5, Lba, L7a, LTb, U9) made mamy thorough in-
vestigations into neurel control of regeneration and illucidated many
of the principles of neural caatrol. Singer is probably comsidered
the authority on effects of narves on regeneration. He found that the
gsensory supply of nerves were sufficient alone to induce regeneration.
Singer (1945b) did quantitative investigations of nerve fibers in the
stump. He used this material for his nerve fiber threshold theory.

He proposed that there axists a range of nerve fiber number in the
stump, below which regeneration can not occur. If the fiber aumder
of the stump falls above the range, regemeration occurs. If the fiber
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mzber falls within the range, regeneration may or may not occur.

Singer noted that the reason that the sensory supply was effective a-
lone in inducing regeneration was that it exceeded the threshold ramge.
0f the three pathways, (sensory, motor, and sympathetic), the sensory
supply alone was the only one that eurpassed the threshold range. Rzehak
and Singer (1966) used this quantitative method to explain why some
animels do not regenerate. Such animals as Mus and adult Rama do not
regenerate possibly, because the mumber of nerve fibers in the stump fall
below the threshold of regeneration. Therefore, this ehows that regen-
eration requirement is not specific with regard to which innervation,
only nerve fiber mimber. _

Schotte and Butler (1941, 19Lk), Singer and Craven (19L48), and
Butler and Schotte (1949) denervated 1imbs at different levels and dis-
covered when the nerve's influence was expressed. The investigmtors
found that the nerves were needed until the blastema resemblcd an
embryonic bud. Once the blastema started differsmtiating, it was
liberated from nervous control, and it could regenerate even if de-
nervated. According to Goes (1969), the nerves &re not neeced during
wound healing or dedifferentiation. The nerves are needed during a
period when old structure is being lost, whem tissues are becaming cells,
and a mass of cells is acoumlating to form blastema. Butler end Schotte
(1949) thought that uerves were involved indirectly or directly in trans-
riasion of morphogenetic messages to the undifferentiated cells. Coss
(1969) felt that nerves in same way checked the regressive tendencies of
limbs, perhaps hy directly or indirectly initiating formation of a
blastema. After blastema formmtion, denervatian will only result in the

fact that grosth in volume does not occur. In later phases of regener-



atian, it is required for quantitative growth. The nerve's early
function as an agant to pramote blastema formation is most important.

Singer (1959b, 60) tried to fimd how neural influsnce was mediated.
The prime suspect was the neurchormone, acetylchaline, Singer (1959b,
1960) as well as Rose (196L;) infused inhibitors of acetylcholine,
stropine and procaine hydrochloride, into stumps and delayed and block-
ed reganeration. Singer infused acetylcholine into a denervated stump,
yot regeneration was not induced as expected. Therefors, it wes con-
cluded that interfering with acurel mechaniem hy inhibiting acetyl-
choline may block regeneration but the trophic effect of nerves my be
more than just acetylcholine. -

One of the strildng exceptions to the requirement of nerves is
aneurogenic ldmbs., Yntema (1959) removed the neural tube of larval
salamanders which would have given rise to nerves which supplied the
limbs. It was necessary to parabiotically join this subject to a
normal one for its survival. The aneurogenic limb was amputated and
it regemerated. Steen and Thormtan (1963) using the same technique,
attempted to find what part of the limb was nerve dependent. The skin
was found to be the part that was addicted to nerve influence. From
the anaurogenic experiments it was deduced that once nerves invade tlie
1limb, this structure forever depamded on them to regenerate.

It has been lnawn for a long time that s supermumery limb can be
created bty deviating a nerve to a site on or near the limb and wounc-
ing this ares. It has been mentioned by ‘Thormtom (1959), Singer (1952)
and others. The nerves appear to induce an apdcal cap under which a

blastema forms.
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Singer (195}) deviated the sciatic nerve of an adult frog into the
forelimb, amputated, and the limb regenerated. This could be inter-
preted as a means of inducing regeneration by increasing the fiber
number in the stump above the threshold level needed for regeneration.

Therefore, Rose (1962) proposed a step-wise control for regener-
ation in which nerves influence the epidermis which then promotes
blastema formation. Even though there are mamy pitfalls to this theory,
nost evidence demonstrates that the trophic effect of nerves is greatest

on the wound epidermis, as seen in the supermmery limb igvestigations.

Hormones

The endocrine giands exert a comtrol over regmxaretion. Schotte
(1926) produced evidence that the pituitary wasz neceseary for regener-
ation. It was thought that the lack of growth pramoting hormone (STH)
causes the inhibition. Schotte and Hilfer (1957) demanstrated by re-
placament therapy that adrehocorticotropic hormone (ACTH) was the
cause of nonregeneration. The real importance of the pituitary liesa
in its relationship with the adrenal cortex. Selye's gaeneral adaptation
eyndrane is involved in this axis of control. An animal under stress
secretes glucocorticoids, such as cortiscne, from the edrema) cortex to
adapt to the distressing conditions. It was demonstrated that a hy-
pophysectamized and adrenslectomized (destroyed by drugs) subject when
given cortiscae treatments after amputation would regensrate. Goss (1969)
stated that cortlsone in msmmals inbibits synthesis of collagen fiders
needed for scar formation. In the salamanders, it may prevent precoeial
scar or dermis formation. This is supparted by Ball and Schotte (1951),
and Schotte and Ball (1552), who noted that dermal fibers formed pre-
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cociously in hypophysectamised subjecte which preventsed blastema forwma-
tion and regensratiom. The above investigators and Schotte and Hilfer
(1957) demonstrated that the pituitary, via the adrenals is needed anly
in the early stages of regenaration, while wound healing ias proceeding.
Without the pituitary, the tissue balance is ehifted to differentiation
mich too early and the blastema is not formed. There exiats an axis of
catrol from pituitary to adrenal cortex to cortisone to inhibitiom of
deris. The importance of cortisone or adrenal cortax is shown in the
work of Schotte and Wilber (1958) and Schotte (1953). Adrenal glands
were transplanted into adult frogs. Their limbs were emputated, and
those that had the extra adrerials cou’d regenerzte those lirb.

The thyroid sland must be normal during regeneratian or the limb
1s retarded. Richardson (1940, 15) and Schotte and Washburn {195h) noted
that early removal of the hormone, thyroxine, inhibited dedifferentiation
resul.ting in a stunted abnormal limb. Late removal intarfered with growth.
Hay (1956) found that excess thyruxine interfered with growth and &iffer-

entiation.

Inhibitors

There are meany items which have inhibitory effects on regemeration.
These inhibitors serve as excallent experimental tools to study the pro-
cessee of regeneration. Sevaral have already been manticnped.

X-radiation

Butler (1931, 33, 35) discovered that X-radiation of 1000-10,000r
applied locally to a vound rrevented regeneration. X-radiation is ef-
fective cnly if the cells on the wound surface are irrsdiated. Ir-

radlation of cells a few miliineters abhove and below the amputation



level resulte in no inhibition., It hae been thought that X-radéation
might deatroy the mitotic mechamiem or csuse fatlure to transmit mor-
phogemetic information. The effeots of X-radiation is permanent, tut
Rose, Quastler, and Rose (1955) imduced regenerxtion by supplying an
irradiated stump with wnirradiated epidermis.

Beryllium

Needhan (19!1) dimcovered that salts of beryllium had a powerfd
inhibitory effects on regeneration. Peryllium nitrate was mcat ef-
fective when applied to the surface of the amputation stump immediately
{or not more than 6 hours) after amputation. This was the basis of
lieedhan's proposal of the secretion of a wound hormane hy the stump
cells, This wound hormone may trigger the entire regeneration response
seun after amputation. Scheuing and Singer (1957) infused beryllium
into early regenerate and there was rmuch dsstruction of bone, fibrous
cowmective tissue, and muscic. In normal limbs, there was no reaction
¢ the infusicns. It was during these experiments that the epide:sds

ja8 seen to help phagocyiuize and dispose of tissues.

Tltra-Violet light

Butler and Blum (1955) found that ultra.viclet light elowe cell
division, may cause ragression, am? induction, and induwetion of ac-
cessory limb at point of irradiatica. Thorten (1958) usiag ultrg-violet
1ight at 2537 'y wavelangth prevented regmnaration for at lease 30 days.
It was found that Af the apical ¢ptdarmal cap is present in enough
layers, the outer lzyers will block the rgys and regeneration will pro-
ceed slowly.
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Chemicals

Mitotic inhibitors such as colchicine and otherm will halt re-
genaraticn when infused into the sarly regenerate. Chesrcals that
block various horwsones or asural hormmmes are detrimental to regener-

ation.

Jenervation

It has been meniioned nreviously that denervation prevents regener-
ation, ‘he forelimb is imisrvated by the third, fourth, and fifth spinal
aecves., 3inger {1942, L3, i5) states that to denervate the limb ade-
suately, the spinal ganglion of the above nerves imst be remcved. Thie
.= the only way that the limb can be totally denervated for a congider-

2ble time, since the periplhieral nerves grow back very quickly.

Control of Morphogenesis

The fastors cantrolling morphogenesis are quite mumercus and not
very well understood. Therefore, there have been many theories pro-
posed to axplain the mode of action of the different factors. There is
no evidence for an exclusive force that is responsible for control,
instead, several factors have been shown to exert some influenice.

The morphogenetic message which transcribes the replacenemt of a
glven area resides only in those cells in and arcund that erea of the
body. GCuyenot st al (19L8) demonstrated this and discovered the mor-
phogenetic map for the forelimb., By diverting a nerve from the brachial
plexus to vaericus sites on and arcund the limb and injuring that site,
a suparuumery limb decreased as the injury wes moved farther from the
limb. A supermumery lixdb could be induced cuteide the morphogenstic



~2l-

limb area by transplanting a full thiclimess of limb sidn and innerv-
ating it. In this wvay, the morphogenetic area of the limdb was deter-
mined, and it was demonstrated that the morphogepstic message resides
permanantly within the cells of an area, Removal of cella from an area
did not result in a losa of morphogenetic information. This demcnstrated
that nerves and epidermis are apparently without morphogenetic specifi-
city, but they are necessary for morphogenesis. The nerves serve as a
permissive agent, not an instructive one. The nature of expression re-
sides in the underlying mesodermal tissues.

The prodiuctim of these supermmery limbs is a replacement respanse
whdch differs from regeneratidn. This differs from normal regeneration
in that a replacement respanse has been triggered even though there was
no structurel loss. The morphogenetic message has been caused in some
way to tranacribe a new part. Rose (196lL) reviewed the other ways super-
numery limbs can be induced. Supervumery limbs can be induced by X-
radiation, ultra-violet radiation, subdermal insertions of foreign tis-
sue, and ligatures. The most recemt method i1s the subdermal injectionos
of varicus foreign tissuee and objects. Breedis (1952) inserted car-
cinogenic substances which induced some supernumery limbs, and Ruben
(1960) found that frog kidney was the most effective substance for the
induction of supermummries. Ruben (1960) proposed that the induction
of supermumary limbs was d&ue to chramic irritatian. The foreign implants
may traumetiee the host tissue and cause relesse of cytolytic engymes.
The engymas start darmel dissolution. The epiderwmis and mesoderrml
elanexts then bhave intimats contact which is a requiremsnt for reganer-
ation. The morphogenetic message is than caused to be tranecribed.
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Nerve requirement in supertumery limdb induction is much reduced as com-
pared to normal regemeration.

Control of pattern in the limb can originate fram a smell disc of
the organized etump tissue. Ouyenot (1927) reported that a blastema,
too young to maintain itself if transplanted, will contimee to regenerate
vhen transplanted, if a disc of organized etump tissue of no wmore than
one millimeter thiclkness remains. Without the disc, the host site will
cantrol the patterm of the regenerate.

From deletion experiments mmntdned previously, it wes discovered
that the stump of blastema could compensate for missing structures in
the atump. The half 1limb expaitnanta of Weiss (1939), Swatt (1928), and
Coss (1957a 1957b) illustrate this also. The stump was split into anter-
ior and posterior halves, and cartain parts of the halvea were removed,
after the hand was amputated. If an entire half was removed, the blas-
tema vhich arose fram the intact balf would produce only half of the
distal structures. If only the mesodermal portion of a half was removed
leaving the skin intact, a whole blastema was formed on the half stump,
From the ahove evidence, Veiss (192Lb; rev. by Rose 196)) proposed a
field nature of morphogenetic control. This theory proposed that control
of regensration is in longitudinal directioms and there exists fields or
territories which defines an anatosical region within which a complete
structire can be reoryanised fron a fraction of the whole. The forelimb
sesns to possess two fields - anterior and posterior. Neither field
can make up for the absence of the other, but part of esch field can re-
produce its structures distally from the amputetion surface.

Rose (1964) and Goss (1956) further investigated these longitudinal
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lines of control. Amputated 1imbs were parabiotically joined. Pirst,
the stumps were parallel to each other, two blastemas were formed, and
the regenerate had some fixed inner parts. By incrsssing the angle be-
tween them to 90°, more of the central parts failed to form. It was pro-
posed that control operates alcng lines parallel to mein axis of the limd.
Where the lines of coatrol of the two stumps crossed, there was inter-
ference and atructures at the intersecticns falled to form.

There was a possible correlation detween lines of control and
electrical polarity. Monroy (1941 rev. by Rose 196k) found that in all
groving differentiating structures potential diffarences exist between
the distal and praximal. Umnsii et al (1951; rev. by Rose 196l) found
that the electrical resistance is much less along the distopraximsl axias
than 90° to it.

Wedss (1939) states that regensration is an ungymmetrical and highly
polarised process. It can occur distally, but not praximally, latero-
medially, or dorsoventrally. Also, Butler (1955) and Needham (19L2)
state that no matter the polarity, anly structures that lie distal to
the surface can regenerate. This was strikingly shown by Butler (1951,
1955). A hand was asputated and the stanp was inserted into an imcision
on the body wall. This was allowed to heal and bacome innervated. The
limb was cut through the middle creating two stumps on the same gide,
one normal and oms abmormal that had reversed distal-praximal axis. The
abnormal stump regenerated a short segment of the humerus, another radius
and ulna, and another wrist even though these structures were already
present proximally in the stump.

It can be stated that only a few lines of control have to be pre-
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sent to explain the fislcd nature of morphogenetic control, Once a few
lines of control are established, the patterm spreads.

Recently, several investigators have proposed theories on the
actual phyysical nature of transmission of morphogenetic informatiom.
Becker (1960, 1961z, 1961b) proposed that the nervous system was in-
volved in transmission of morphogenetic data. Nerves maintein an
electyical potential difference with the gradient of negativity with a
distal high point. The potential difference is responsible for the
rovenant of charged particles. Becker (1961b) demonstrated that cutting
the narve caused the potential difference to vanish., It was also shown
that the amputation stump of th-e frog did not have the gradient of
negativity. This was correlated with inability of the adult frog to
reganarats, Therefore, nerves may be directly respaonsible for trans-
rission of marphogenstic information by generating a potentiel dif-
ference that furmmishes pover for movement of intercellular co-ordinators.

Rose (196k) reviewed scattered evidence for a theory that caatrol
of differentiation may be iohibitory. The campounds responsible for
iohibition were histones. Histomes are compounds that when closely
associated with aucleotide segments of DNA prevent production of their
RNA. There are many types of histones., It was hypothesized that his-
tones from distal regions inhibit DNA or genes more proximal to them.
In amputation, these distal histones are removed and genes which con-
trol morphogenesis are no longer inldbited and their messages are

transcribed.
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MATERIALS AND METHODS
Description of Species

Ambystoma texanum, the small-mouthed salamander, is a member of

the family Ambystamidae of the order Caudata. Smith (1961) states that
this species of salamander inhabits woodlands, prairies, and pastured
areas in Illinois as far north as Henry and Kankakee counties. Dis-
tribution in the Uhited States comprises most of the Chio and Miesis-
sippd River Valleys. In Februvary and March, the A. texanum migrate
from the woodlands to any st.a.n;ﬂng body of water to breed and deposit
their ogg mamses. The eggs incubate and hatch in a few days with
netamorphosis of larvae occurring in late May through July.

Aml?ystoma texamum is a bromish-black salamander covered with

iichen-like patches of eilver-grey. They possess an extremely slimy
epidermis which is shed abaut avery week in the laboratory. The trunk
of the body is marked by sevaral costal grooves that create from 13-15
folds. The salamander has a narrow head, emall mouth, and a wide nack.
The 1limbs ere short and stocky with the forelimb having four digits
and the hindlinb with five.

Collection of Experimental Subjects

Forty (k0) emall-mouthed ealamenders (Ambystoma texanum) were talken

from a temporary pand two milss soutinresat of the Easterm Illinois Uni-
verasity campus, Charleston, Dlinois (NWy, SW;, Sec. 22, R. 9 E, T. 12
N., Coles County, Tllinois). Collecting trips were made te the site at
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night during a period from March 15-20, 1966. Daylight trips were not
productive asince the species was nocturmal. The salammndsrs had migrsted
fram the woodlands to the pond to breed, following & previous period of
warm and rainy days. The subjects were csptured by the use of flash-
lights, dip nets, and bare hands.

Even though the salamanders were slow, gwikward, and asluggish on
land they proved just the opposite in the water. The slimy eurface of
their bodies in contact with water made them difficult to hold. Under
the water, their powerful tails propelled them rapidly in serpent-like
movenapnts.

The final collection tr.ip- brought few subjects, for as quicidy as
the salamanders hiad appeared, they disappeared in a mass exodus back to

their woodland niches, leaving the eggs to incubate.
Laboratory Habitat

The salamanders were originally housed in glass laboratory dishes
with peper towels and approxdimately 2-3 centimeters in diameter. ‘he
conteiners were arranged in tiers of three with a plate of giass over
the top one. The salamanders were housed two to four per container,
since 1ittle aggressive behavior was observed. The temperature ranged
from 20°-30° C and the humidity varied. (hotoperiods varied from 12-16
hours a day.

Continmual contact with water caunsed much shedding of the sidn, and
might have interfered with regeneratiom. Therefore, a closexr approxi-
mation of their woodland habitat was comstructed. Wet paper toweling

and a small amount of water were placed in the containers. Several dif-
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ferent species of mosses, lichens, and ferus were placed on the towwling.
Subjects eeamed predisposed to hide under the plants, maxy often middiing
together., Periocdically, a fine mist of water was sprayed into the can-
tainers to mintain humidity. The laboretory dishes vere satisfactory
in mpintaining high hmidity, while also allowing for the passage of air.
The toweling was chenged and the camtainers cleened each week, or
wvhenever mold or fungi started to grow. The plants were drained of any
excess water during the cleaning. The mosses required complete re-
Placement every two to four weeks because of decomposition. New mosses
were obtained from dried samples which were realtriydrated. The salamanders
were placed into a water bath lnd agitated about to oleanse them of de-

bris from plant decompositicn, excretory products, and shedding skin.

Identificatimm

Variationa in certain bodily features, such as, different groand
colors ranging from olive brown te blaci, varistions in naltem cf grey
flecks scattered over the dark color on the back, sides, and abdomen,
relative sigses, and other morphological differences wore used to dis-
tinguish individual sublects, which were then given identification mumm-

bers.

Feeding

Feeding the salamanders proved to be a problem. The subjecta did
not feed for the first two months of captivity. Smith (1961) stated
that thedr natural diet consisted of emall invertedbrates such as worms,
slugs, and emml] arthropaods. However, the subjects did not est these
items when Dlaced in the containera. Neither did thay feed on bits of



leen deef. It was decided to force feed the salamanders sven though
thsy appaared to contain large amounts of Zat.

Ambystoma texamn were force fed using the folloving method. They

vwere grasped arvund the anterior part of the body to prevent them from
squirming away. The jaws had to be forced open with forceps. Thia was
difficult because of their small mouth and powerful jaw muscles. There-
fore, in opening the jaws, care mst be taken to avoid injury to the
amimals. EBach subject received small bits of lean beef moistened in
water every veek whan operative procedures did not interfer. The sal-~
amanders were never fed immediately following or preceeding operatioms.

The salamanders were gtimlated to swallow by epraying water on
then and gently holding their dorsal side down. After swallowing had
been observed, the subjects were placed im the coatainer and agsin epray-
ed with water, for continuous handling resulted in much dehydraticn fram
the body surface.

Later these teclniques were supplemented. .trained beef liver was
placed in a 3 cc syringe with a trimmed nozzle to fit the size of the
eaalamandar's mouth. The syringe was placed down the pharynx of each

subjeot, and the strained msat eubsequently was injected.

Operation Procedires
The following procedures and techniques were followed in all oper-

ations performed.

Precparstive phase
Subjects were placed in a glaas petri dish filled to 3/L its
volume with Amphibian Ringer's solution and several crystals of chloro-



tope as anaesthetic. The salamaenders remained in the covered petri dish
for '=~1 hour depemiing upan when the ansssthetic took effect. This anses-
thetic condition wvas determined by gently squesaing the limds and taill
with forceps from time to time until little respanse could be allicited.
Operations were wulsrtaken while the subjects were not quite under the
effects of the anaethesia, rather than risking the taxic effects of
over-exposure to the chlorotcae.

Operative phsee

Anaesthetized salamacders were tranaferred to a second petri dish
[{lled to 3/4 its volume with Amphibian Ringer's solution and a lesser
amount of chlorotone. A layer of toweling was placed cn the bottom of
the petri dish to prevent the subject from siipping. The Amphibian
Ringer's salution was used to meintain isotonic conditiona. The petri
disi: was placed on the atage of & bimocular dissection microscope,

Instrumants and materials used in the operaticns wers not sterilized.
Equipmest was alweys washed and dried before and after use, but no addi-
timal aseptic procedures were followed, This technique proved quite
adaquate since infecticns were unnoticed.

The amputetion precedure was as follows: The subject was oriented
under the dissecting microscope and the forelimb was held steady with
valchmaker foroepe. Iridectomy sciasors were utilized for the amputa-
tion. 'he lind of the aalamandar was severed ly a slow deliberate atroke
at the level of the distal 1/3 of the upper forelimb., Therefore, the
elbow was included in the discarded portioh. The stump was trirmed of
any protruding cartilage, miscles, or skin, and when necegsary, the
amputated forelimb was placed in Bouin's fixative for future histological



analyses.

Reaction to amputation varied from minor bleeding to thrashing
about. When reactions to the amputation had subsided, bleeding was
atopped by gently clamping the stump with the hemostat or forcepe, giv-
ing just enough pressure to stop the issuance. Every mimite the pree-
sure was released to cbserve the flow of blood. Finally, when there was
a complete cesgation of blood, the subjects were left in the operative
dish for 10-15 minutes to decrease the chance of hamorrhage.

Postoperative phase

'The salamanders were then placed into a paper twwel lined post-
operative petri dish filled to 3/l its volume with only Amphibian
Ringer's solution. The amputation surface vwias a«lways kept submergzed
in the Ringer‘s solution. The subjects remained in this petri dish
for an hour or uatil they startec respoandins.

Criginally, the subjects were returmed to their housing cantainers,
but in this sitwation, several sslamanders died. It waa thought that
ths houwsing contalner enviranment might not allow for the diiffusion of
the excess chlorotane. Therefore, the subjecta were immersed into a
laboratory dish with toweling and about 3-L centimeters of tap water for
2L hours in an effort to allow the chlorotane to diffuse out and allow
for more recovery time. Following this pariod, the subjecte were placed
back into their conteiners. There were no more desths from the opsration
after this imnovatian.

Histological Analysis

For histological analysis, the regenerating limbs were reamputated
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through the stump and immediately placed in Bouin's fixative for at least
2, hours or longer. TFollowing the techniques of Fumason (1967), the limbs
were placed in several baths of 70 alcohol and lithium carbonate to re-
move axcess picric acid. The limbs were deltydrated, cleared in xylens,
placed in two paraffin baths and f£inally embedded in Tissuemat (56° C).
The limbs were longltudinally sectioned at 10 microns, and complete
serial sections of the limbs were placed on slides. The sections ware
stained using lieldenhain's Iren .lamotoxylin. Slides were placed in a UF
iron alum mordant overnight' stained in lematoxylin 24 hours; destalned
in 27 iron 2lun. Destaining of the secticns was followed under a micro-

scope using low puwer.

Horphological ‘bservations

Ambystoma texsnum were observed every 2-4 days for a period of 60

days or longer to study external gross morphological changes in the
regenerating linb. Zach subject had its own experimental history chart
that included the mumher of the specimer, identification characteristics,
operation or treatment givem, morphological obnervation, the date ob-
served, and the mumber of days since amputation.

Subjects were taken separately and placed in a dry petri dish which
rested on the stage of a binocular dissecting microscope. The regener-
ated 1imb was observed first under the lowest magnificamdon (7X). Wound-
healing and early stages of regeneration were observed from a lateral as-
pect. The petri dish was tilted at an angle of apprarimately 60° to make
possible a laterzal view of the salemender. lLater etages of regeneration
could be viewed entirely from the dorsal surface and with highest magni-

fication (30X). This entire procedure was difficult for the salamander



noved occasionally, especially when the petri dish was tilted.

The morphological observations were mostly qualitative and sub-
jective in nature. These observations consisted of (1) differences be-
tween stump and regenarate (that portion of the limb that is regener-
ating), (2) progressive changes in the regenerate, and (3) camparison
of regenerated and normal limbs.



RESULTS

Under the experimental conditions, a total of 59 completely re-
generated forelimbs were cbtaimed from the amputations. There was
approximately an equal mumber of right and left regenerates, and cer-
tain limbe were amputated repeatedly giving rise to several regenerctes
over the period of the experimant. A structure was considered a com-
pletely regenerated forelimd when and 1f the limdb which arose possessed
elongatec digits.

A notmal unamputated forelirb has four digits with the middle two
digits longer than the outer two. Fram the above total of 59, 85% of
the regenerated forelimbs possessed four digits with the middle digits
longer than the outer cnes. Nine of the limbs (15%) displayed digital
abnormalities, and of these, eight forelivdbs had 3 digits and one fore-
linmb possessed two. Abnormalities were created by either the fusion or
deletion of diglts. Every one of the thirty subjeacts produced a re-
generate, except for subject #5. This subject produced a blastemal cone
of 1 millimeter three times, but these turned black and did not advance
any farther.

The sumbaer of regencrates might have been greater, but mamy pros-
pective regenerates, had to be terminated at various early stages for
histological analyeis. These, therefore, did not reach the criteria of
a complete regenerate and could not be added to thes total.

Tventy-two of the regenarates were obgerved evary 2-4 days over a
60 day period to study the cutwardly morphological changes as described
in the materials and methods sectian.



Several stages in regeneration were selected, defined, and the
time of inception and duration of the stages were determined for each
of the 22 1imbs. Table 1 lists tlie stages, the range of values of
duration of each stage, average duration, and average day of inception
of sach stage. Same stages seemed to blend imperceptably into the next
stage, but an effort was made to sclect stages with several different
criteriz to make determination better.

The stages included:

1. Wound closure and hezling - This occurred from amputation untdl

a bulge of ¥ millimeter appeared on the wound surface.

2. Blastema Formation (31 millimster) - The clear bulging ares

incressed to 1 mlillimeter and the distal part of the stwmwp swelled

laterally.

3. Blastema Cone Formation (1-2 millimeters) - The elongation of
1 rdllimeter bulge created a cone-like structure of 2 mdllimeters.
The cche started {0 form a right angle with the stuwp.

k. Paddle-Shaped Regenerate - This is imdtiated during or after
right angle formatim or from 13 to 2% millimeters. It was created
by elangation and flattaeming dorsoventrslly cf distai regenerate.
The tip of the reganerate 1s able to flex or bend at an angle.

S. Foot Stage-Digits Budding Out - Frum the first indication of
cartilaginous colums of the digits the eplidermis indented to form
the aiglts.

6. Foot Stage-Digits Toual and Extending - Digits elongate and

grow outurrd. There ie webbing between digits.

7. Foot Stage - Middle Digits longer - Two middle digits grow out

e e
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or elongate farther than the cuter two. The webbing between digitas

are absent. There 13 the creatim of separate phalanges and digits

curving down.

The following is a descriptive morphological accamt of regener-
ation ae observed from 22 case histories. The events occurred in the
majority of subjiects approxdmetely 4n the order given.

The amputation surface appeared inactive for the first week after
injury. The surface sometimes had a marked depresaion caused by trim-
ming of miscle and bone. The stump slowly started to awell laterally.
The wound surface was covered by transparéent cells allowing clear view
of the severed mscle and.bane_underneath the wound epithelium. The
deridy pigmented epidermis that bLordéred the wound eppeared to he trans-
formed slowly into clear tissue. The silver-gray pignent ~ells seamsed
to disappear leaving a narrow ring of black background pigment., These
black pigment cells also started to disappear slowly. This transfor-
mation was iwore strildngly shown in a subject that had a piece of normal
epidernds extending like a peninsula over the wound area. Turing heal-
ing, the junction of the piece of epidermis to normal epidermis dis-
golved first, and slowly the entire plece was transformed into clear
tissue identical to wound epitheliwm., This transformation o pigmented
tissue to transparent tissue was one of the first changes ncticed.

The quiescence of the wound surface ended as the depression disap-
peared, swelling increased, and a blastema started to bulge out of the
surface, Through the clear overlying wound-epithelium cells, a whitish
opaque, often translucent wave spread under the surface occluding the

ends »f muscle and bone. Many subjects had black aggregates or scabe
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RANGE OF DURATIN, AVERAGE DURATIMN, AND DAY OF INCEPTIMN OF VARIOUS
STAGES OF FORELIMB REGENERATION OF 22 AMBYSTQMA TEXANUM

Average
Range of Aversage Day of

Stage Duration Duration Inception

Wound Closure and Healing 6-10 days 7.5 days Oth
Blastama Formation (-1 mm) 7-2) daye 12.0 days 7.5th
Blastema Cone (1-2 mm) 5-13 days 9.0 days 19.0th
Paddle Shaped Regensrate  4-10 day® 6.3 days 28.6th
Foot Stage: Digits Budding L-11 dmys 5.8 days 35.0th
Foot Stages Digits 5-1k days 8.6 days L0, 7th
Extending

Foot Stage: Middle Digits =~~-cvcccae ceeccan- L9.0th

Longer
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over the tip of blastemms which slowly disappeared. The blaateme alon-
gated pest 1 millimeter and was termed a bhlastemel cone. The oane &8p-
paared greyish and cpaque near the praximsl part, and clear and vascular
at the distal tip. A wave of increasing darknene spread down the re-
generate cone. It was black at the praximsl border with a trunsitiomal
grgy gane ahead which blended into a clear vaacular area at the distal
extent. The blastems wvhich became ortented at a 180° to the stump, som
atarted to form an obtuee angle, £inally appraximating a right or 90°
engle, The fromt of the dark wave moved at an acute angle to the lang
axis of the regemerate. Therefore, the wave didn't reach the varims
digtal portioms at the same time.

The blastemn) cane wvas transformed into a paddle-shaped regenerete
by a distal flattening dorsovemtrally and creation of a flexing tip.

The tip was atill clear and vascular, but praximally from the site of
flaxing the zone of blackness had moved down. Next, digital cartlaginous
coluzns appearad and looked clear and whitish as opposed to the opaque
grey gramular tissus in between them. These cartilaginous columns were
outlined and intertwined with blood vessels networks and black pigment
gramiles. The epidarxis indented seperating the digital buds. As the
digite grew cutward, they were judned %o each other by webbing which was
clear, avascular, and wrinkled.

During tris time, the 3aB® of dark pigment cells passed through the
digital plans at en engle to the lang axis of the limb. It ccnludsd the
outarmost or Iith digit and then progresead immrdly. The webbing be-
twemn the digits dimintegrated as the digite elongated. The =middle two
digits becane langer than the outermoet digits. The silver-gray pigment
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patches, which were the first structure to disappear, finally had re-
invaded over the black pignent layer maldng it difficult to discerm the
gite of amputation.

The last changes to be seen which occurred quite slowly were in-
crease in volume of the forelimb, elongation of digits, and growth of
phalanges.

Flgures #1-#8 illustrate the slow gradual rate at which growth in
volume of forelimb and elongation of digits proceeded once the digite
were formed. The figures ahow comparisons between a normal limb and a
13 month regenerate (subject #26), a normal limb and a 9 month regener-
ate (subject #14), a 7 month mte and a 13 month regenerate (sub-
Jects #20 and #21), and a L month regansrate and a 13 month regenerate
(subject #16), a normal 1imb and a 9 month regenerate with only 3 digits
(subject #13), a 13 month regenarate and a 2 month regenerate severed at
the shoulder (subject #18), and two non-regenerating limbs (subject #15).

Subject #5 has 2 non-regenerating amputated limbs which abortively
stopped during blastem formation. Subject #13 had a digital abnormality.
It appeared to have the two middle digits fused into a large single one.
This is presented as a representative of the 15% sbnormal digital re-
generates which appaared during the study. Subject #llL demonstrated
the sise differences in a 9 manth regenerzte and a gormal limb, Note
the width of the wrist in the normal limb as opposed to the wrist width
in the regenerate. In subject #16, the digits on the regenerating right
1imb were still partially clear and vascular. There was a slight con-
striction at the site of emputation and same webbing between the toes

were still present. Subject #18 had digits on the regenerate that were
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Figure #1: Ambystoma texamum (Subject #26) has a right forelimb that

is normal (unamputated) and a left limb that is a 13 month re-

generate.

Figure #2: Ambystoma texamm (Subject #1l) bas a right forelimb

which 18 normal (unamputated) and a left forelimb which is

a 9 month regenerate.
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Fignre #3: ttywtom texmum (Subject #20) has a right foralish
that 4s a 7 month regansrate and a left forelixd that is a

13 wxth regenarete,

Figze #ly Adgetam tapmm (Subject #21) has a right forelisb
that 17 a 7 =nth rgenmate and a left forelish that is a
1) month regensrute.
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Figure #5: Ambystoma texamum (Subjcct #16) has a right forelimb

that is a L month regenerate and a left forelimd that is a

13 month regenarate.

Flgure #5: Ambystoma texmmm (Subject #13) has a right forelimb

that is normal (unamputated) and a left forelimb that is a
9 month regenerate, but has only 3 digits caused by fusion
of sdddle 2 digits.

TN
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PLATE 3




Figure #7: Ambystoma texanum (Subject #18) has a right forelimb

t is a 2 month regenerate, but was amputated at the showl-
der, and & left forelimb that is a 13 month regenerate ampu-

tated at the elbow.

Flgure #8: Ambystoma temamm (Subject #5) has a right forelint
that is non-regenerating (amputated 9 months previously)
and a left forelimb that is non-regenerating (amputated 3
months previously).
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stil1l in the budding stage. The limb was mich emaller, because it was

severed at the shoulder instead of the wrist. Subject #20 demonstrated
a 8light AGifference between a 7 and a 13 monith regenerate. Subject #21
showed a mach greater difference between a 7 and a 13 month regeanerate.

The amputation site waz difficult to observe bacause of the almeat
normal redistribution of melanocytes and silver-grey pigmants. In some
instances & slight constriction or lack of silver-grey pignent indicated
the site of amputaticn.

Reganerating stiuctures representing each of the stages described
previcusly in the text and Table I were reamputated sectioned, siained,
and exmuined, Each stage had four or more differant serial sections an
which obgervatiane were made. In addition, several examples of abnormal
digital structures, nomal forelimbs, and regeneretes several months old
were also prepared.

The slides of limbs in the wound healing and closure phase showed
mich cellular debris and destsruction. The wound epithelium flowed over
and filled any depressioms on the esurface. HMany of the sections of limbs
showed that the wound epidermis had invaded with tangue-like projections
into the stump. In the later part of this phase, the wound epithelium
waa from B8-12 cells thick. The wound epidermis was in direct contact
with the cut ends of mscle and bone, There was no basal membrane or
dermis layer under the epidermis, nor was there the characteristic
micous glands of emphibians present. The area is not very well vas-
culariged. Connective tissue on the wound ares was meinly composed of
sparce ¢6lls as opposed to fibere.

The dediffermntiatiunal process had not sppeared to start completely.



51

The muscle tissue did not seem to be affected. Slight changes were
occurring to the bone and certilage. 'n;xe matrix had started to expand
and dissolve leaving the bomes hollow. Osteocytes and chrondrocytes
appear unimprisoned, large, oval and active.

The analysis of blastemsl (z-1 millimeter) stage showed similiarity
to the previous stage. The wound epithelium of 8-12 layers thick was
still in direct contact to mesodsrmal tissues. There was no dermis or
tmicous glaads present in the regenerate. Many mitotic figures were ob-
served in the wound epidermis. The bane was still being dissclved by
means of loss of matrix and liberation of osteocytes.

The dedifferentiational forces were in full control by this time.
Muscular tissue appaared to dedifferentiate. First, striations were
lost and the fibers separated into long single cells. Ry obesarving
cross sectiones of mmscles, it was demonstrated that the miscle covering,
the perimywium, was dissolved, which released individual fibers to be
dispersed out. The undiffereatiating muacle fibers still retained their
orientation with each other in a certailn direction,

With the above action, undifferentiated mesenclymal cells started
to accumlate untll their mess caused an cutward swelling. The cells
were quite stellate with many cytoplastic processes coming off the
nuclei. There were many mitotic figures in the blastema of % milli-
meter. Cells within the tip were made more compact.

With increase in sigze to a blastemal cone of 1-2 millimeters, a
new stage was observed. There still wes no dermis or mucous glands
under the 8-12 layers of wound epidermis. The undifferentiated cells
vere campreseed into the tip and they were quite demse. There was
mitotic activity everywhere, in mesenchymal cells, epidertie, and
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chondrocytes. Vascular networks are being set up in the proximal part
of the regenerate. The tip of the regenerate was starting to form a
right angle to stump. Muscle fibers were still disintegrating as de-
scribed previously. Undifferentiated cells were aggregating in the
praximal part of the regenerate. These appaared to be redifferentiating
the elbow (distalhead of humerus and pracimal heads of radius end ulna.)
However, these structures seamed fused together. True perichondrium
geparating the cartilaginous structwures had not formed. The chondrocytes
seemsd to accumilate more to the edge than the center of the structures.
The matrix of cartilage had nop as yet formed in the regenerate. Since
mitotic activity was still observed in the presusmptive chondrocyte, it
would be pramature for the matrix to form.

In the beaxt stage, the paddle shaped regenerate, the bda&lance was
swinging toward differentiation. Vascular networks, dermis, and mcous
glands occurred down to the middle of the radius and wlna, but not far-
ther distally. Undifferentiated mesenchymal cells are still much in
ovidence.

Perichondrium at junction of bumerus, radius, and ulna was formed
and the elbow joint wes completed. Radius and ulna were completely
separated by perdchondriwm. Matrix in humerus and radius and uvlns was
just starting to be well formed. The metacarpals, carpals and digitse
were just starting to form., Chondrocytes accumilated in the tip to
form the previous structures. However, the structures associated with
the wrist seemed to flow together, because the perichondrium was not
formed at this time. Muscles seamed to be differentiating as single
miclel fibers grouped together side by side. There was still no
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striations in the muscle fibers in the regenerate.

The foot stage (digits budding out) had more differentiation.
Dermis and mucous glands occur down to the wrist., There was vascular
network even tc the top of the digits. At the tip of the digits the
epithelium was 8-10 layers in thickness. There was only a few undif-
ferentiated mesenchymal cells present near the digits. Muscle fibers
acquired striation in the forearm, Wut fibers were unstriated in the
digits. Long single nuclei fibers in bundles were cbserved in digits.
Matrix of cartilage was cosplete in the humerus and increased as ocne
goed distally. A majority of the chondrocytes were on the periphery
of the structures with the cem-bers being clearer. Perichondrium was
forming in thoge structures which compose the wrist. The radius and
ulna appesred separate from the wrist, yet the digits appeared fused
to carpals and metacarpals.

As the digits started extending outward, the cartilage matrix
became more evident in the radius and wina, The perichondrium of the
cartilaginous structures of the wrist became more differentiated and
the carpals and metacarpals appeared separate and not fused. Some of
the cartilaginous structures in the wrist appeared to have a consider-
able amount of matrix. IMscular fibers in the wrist demonstrated
striation and perimysium development,., 7There were few undifferentiated
cells present, with a few exceptions near the tip of digits. Dermis
and mucougs glands were present in all locations except for the tip of
digits.

The final stage of middle digital elongation in addition to re-

generates of several months were almost identical tc normai limbs.
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Digital mscles had striations. Dermis and smcous glands occurred
even in the tip of digits. The epithelial layers then aumbered 4-U.
Separate phalanges were eztablished by the differentiatiom of their
perichondrium. The matrix of the digits increased until they appeared
like other proximal structures. The main differences in the normal
limb and regenerates of several months were the size and length of the
wrist and digits.

In addition to these analyses, cne of the non-regenerating blastemas
of #5 was observed. It was a blastemsl cane of 1% millimeters long. It
appeared much like other representatives of this stage, except for the
fact that the cone and tip of ‘the conte were heavily vascularized as op-
posed to the sparce vascularization in others. There was a apace be-
tween the epithelium and the blastemsl cells, and there appeared to be
a basement membrene on the epidermle.
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DISCUSSIGI

The experimental evidence including 59 crompletely regenerated fore-
limbs, many regenerative stages, and the fact that only one out of thirty
subjects failed to produce regenerates clearly demanstrates that adult
Ambystoma texanum do possess the power to regenerate forelimbs under the

experimental conditions. Reference to adult A. texamunm forelimb re-
generation was not found in a survey of literature. Therefore, this
probably established for the first time that forelimb regeneration oc-
curs in the adult of this species. This ascertains that another species
(A. texamum) in the Amhystamidae family can regemerate forelimbs in the
adult form. The power of regeneration is equal on both sides of the
animal and 1imbs are capable of repeated regeneration. The criteria

for a campletely regenerated forelimb did not specify the number of
digits present so that limbs with digital abnormmlities could be counted
in the total.

From the morphological observations and histological analysis, the
events or stages occurring during the regenerative process were simllar
to those reported in the literature. A sequence of stages was selected
and dafined for the purpose of timing regeneration. These stages were
chosen so that there were several different characteristics that de-
fined them. However, there wes some subjectivity involved in deciding
when one stage was transformed into another.

Since the experimental subjects differed in weight, sige, and age,
it wvas necessary to arrive at average time of inception and Quration of
each stage. Therefore, the times for these regenerative stages were
average ones for the specles as a whole. With the individual variations,
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value of duration could be expected 1o fall with the ranges in Table I.

The wound closure and healing stage lasted for about a week. During
thie time, the stump appesred 1lifeless and inactive. The apparent life-
lessness was shattered by the blastamal phases. This could include bnth
blestemal formatian and blasztemal cone formation which lasted 3 weeks.
It was during this phase that growth in volume of the regenerate started
and proceeded at a very rapid, almost logarithmic increagse. At the end
of the Lth week, there was ample evidence of regeneration. A rapidly
growing blastemal cone of 2 millimeters has erupted fram the stump, At
this point, however, the cone was still primitive, without form. The
remining steges which ocw during the second month were anea of
differentiation. Less than a week was required to transform the cone
structure into a paddle-abaped regemerate. The form of the regenerate
wa? starting to be determined. From this stage omiard, the formation
of foot and digits were of critical importance. The formation of foot
and digits occurred at a rapid rats. 7The appearence of cartilaginous
columns budding out of the foot take amnother 6 days and marked another
stage. The extension of digits ocut of the fool required another week.
Therefore, at the end of LO days, there existed a limb structure that
met the rexsuirements for a completely regemerated forelimb, At the L9th
day, the middle digits started to g@row at a more rapid rate. OTbservation
was contimied throygh the 60th day, but no new changes were aeen. The
regenerate was complete functiamally as well as morphologically. Func-
tionally the regenerate or stump wvas utilized almost at once. Even
early cane stages could be used to move or support the animal,

(nce the digits had elangated, the rate of growth of the forelimb

volune and length of digits was maintained at a very slow rats. From
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Figures #1-#8 the difference in size between regenerates and normal limbs
and between younger and older regenerates can be obsexved. It is ques-
tianable if a regenerate would ever match a normal 1limb as to sige, vol-
ume, and length of digits. The study showed that a regenerate of 13
manths was still dmrfed in size and volume as compared to ths normal
1limb. The older regenerate slways was a fraction larger than 1ts young-
er partner (subjects #20 and #21). The rate o growth in volume of fore-
1imb and grovth in length of digits may not be related to regemsration,
as much as they are related to slow maturation. At the end of two montbs,
the regeneration proceas seem_d to have completed its mission. It had
replaced the structurel parts totally, but their regrouth in normad vol-
ume was left to a slow maturational process. This should not be viewed
&8 an inadequacy in regemeration, since functiomally, the limd had been
completaly restored. The above discussion is meant to add imsight into
the 1limits of regeneration.

The 15% of the complete regmnarates which displayed an abnormal
oumber of digits represanted morphological mistekes made in late atages
of regenarstion. For aams reason, the digits did not btud out or thare
was fusion of the digits. It was this type of abrormality caused by
naturs that drew attention to regenaration by inveastigators in the late
19th cemtury.

The reason for same of the evemts observed during morphological
observation were as follows: The amputation surface appeared quiet,
becmise the only events ccourring were wound closure, necrosis, and
accumilatian of cellular debris. The devression of the surface was

caused by trirming of mmuscle and bone, plus contraction of mscle.
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The swelling laterally of the stump vas probably due to necrosis, ac-
cumlation of fluids, or increase in cells due to dedifferez;;biation and
mtosis. The wound surface was clear and transparent because the dense
opeque dermel layer was absen., The surface was covered with several
layers of clear epnidermal cells.

The dedifferentiation of dark melanocytes and silver grey pimwant
cells resulted in loss of color, and ihese structures were transformed
into clear tissue. Since these pigrent cells were so highly specialized,
they might have been the first to shaw the effects of dedifferentiation.
Swelling of the blastema mm might have been due to the mitotic ac-
tivity of the dedifferentlated cells.

The white opaque layer that spread under the surfacs was probably
due to the dedifferentiatiaqnal procees and accumlation of primitive
cells. Elongation of the blastema to 2 millimeters wes due again to
mtotic increase of cells and concentration of these cells under the
wound epidermis. The wave of darkness that passed down the regenerate
was the re-establishment of melanocytes over the surface. It occurred
firat in the preximal perts and gradnally moved distally. Therefore,
there was a gradation of color from black to grey to clear.

The tranaformation of the orientation of the cone from 180° to
the stump to a 90° angle was probably due to the differentiaticn of
the elbow (creation of distal head of humerus and praximal heads of
radius and ulna). The 2 millimeter cone soon has the dorsoventral axis
determined and was transforwmed into a paddle-shaped regenerate. The
paddle shaped regenerate has dorsal-ventral flattening at the distal

end, creating a flexing tip. This flexing tip was probably crsated by



differentiation of the wrist. (creation of carpals and metacarpals).

Cartilaginous colums budded out of the stwmp, Digits had a cam-
plex vascular network around them to supply the needs of the growing
tip.

At the tip, thara were two events occurring simltansously, cellular
growth and cellutar death. They work in concsrt to give form to the foet.
The digitas were involved with callular growth. The webding batavesn the
digits was in the midst of cellular death. The tissue was avascular,
opaque, and wrinkled. Soon the webbing campletely dissolved, the digits
elmgated, and the middle digit became langer. The silver-gxrey pigments
were slow to reinvads the lixéas, but soon they had covered ths entire
1imb.

Fram the histological investigatimms, the stump way a site of
mich cellular destruction and disorder. The wound epithelium quickly
seaied the surface to protact it. The disruption in the bone and
cartilage might have bean due to the crushing effect of the scissers.
This might algo have caused the disruption of the matrix. The 0-12
layers of wound epithelium agreed with the value of 12 or more layers
that Singer (1959} reported in the literature. The tongue-like pro-
Jections of wound epithelium which seemed to extend back into the stunp
might have besn the type of evidence that caused Rose (19L6b), Hay (1952),
and Scheuing and Singer {1957) to propose camsiderable epildermal cantri-
butians to the blastema. It was felt that these tongue-like projections
vere cauwsed by amputational depressicns, and tiiat these were fillec with
invading epidermis. This could demanatrate that these tomgue-like pro-

Jections were the source of phagocytolytic cells which Scheuing and
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Singer (1957) proposed. Also, the abcence of a dermal layer or basement
membrane was apparent. ‘This agreed vrith literature sitings that a dennis
was correlated with non-regeneratiom. Because or the awputation, the
blood supply was curteiled, and the 2rea had few blood vessels. '[he
micous glands that characterized amphihian skin was not present below
the wound epithelium, In this first stage, dedifferemtiaticnal forces
had not yet taken effect.

Iv was during the next stage (blastema) formation, -1 millimeters)
that the effect of the dedifferentiation were observed. latrix of bone
and cartilage dissolved releasing the chondrocytes. The perichondrium
seanad to remain intact. Muscular tissue started dedifferentiating by
destruction of the perimysium which caused separate fibers to be dis-
persed outward, Strlations were lost from the fibers. ‘The individual
fibers remained close to one another. Undifferentiated mesenchymel cells
cause the s millimeter swelling, However, the density of these cells was
not great, so there were many cytoplasmic projectione. Mltotic activity
was observed in the mesenchymal cells as well as the epithelium which
had to increase as the blastema increased.

The mesenciymal cells became compressed in the tip as the sigze in-
creased past 1 millimeter. This caused the cells to be less stellate.
Mitotic figures were seen in all places of the reganerating tip. There
was a suggestion in the praximal part that differentiation was progress-
ing. Mesenchymml cells were aggregating together to form what appaared
to be the elbow. The distal head of the humerus and proximal heads of
the radius and ulna seamed to be created by preswmptive chondrocytes.

These structures appeared to flow together since a perichandrium had
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not differentiated. The formation of this joint might have been the
cause of the change from 180° to 90° :rientation of the regenerate to
the stump. The chodrocytes vere more prevalent on the periphery of
the structurea. The matrix had just started tc form, but many of the
chandrocytes were still undergoing ritocis., he obsexvation of mesen-
chymel cells verified the views of Schotte (1540) and Hay (1958, 1955,
1962) and Butler {1935) that there were no differences in the mesen-
chymz1 cells to indicate tisgue of origin.

During the next stage, paddle shaped regenerate, there existed a
regenerative structure that was equally divided between differentiation
and dedifferentiation. Differentiation was seen down to the sdddle of
the radius and ulna. Vascular networls, deymis, and rmcous glands were
created down to the above level.

The perichondrium of the structures of the elbow was established,
creating a functional joint, Matrix in these structures increased
trapping the chondrocytes. Aggregation of mesenchymal cells in the
distal portion created the future wrist. The perichandrium was not as
yet differentiated so the structuras seemed fused together. Muscles
started to differentiate in the memner described bty DeHana (1956).
There was elongation of undifferentlated cells into a lung colurm of
cytoplasm with one miclel. The muscle still had no striations, since
it wes stlll primtive.

The foot stages (digits budding out) showed much differentiatica.
Those highly differentiated structures, dermis, and micous glands could
be found down to the wrist. The vascular network was in the digits to

supply needed materials for zx**owth. Because of the rapid differeatia-
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tion, few of the meaenchymal cells remained. Further differemtiation

brought striations and aggregation of single fibers to rmacles in the

forelimb, Matrix of cartilage was progressing distally as well as the
perichandrium growth, This process was creating more mature and fimc-
tioning cartilaginous structures.

In the final stages there was a complete differentiation of the re-
generate. Dermis and mucous glands occurred through the entire regener-
age. Rspenarages of saveral mantths gppeared almogt identical to the
nornal limb. The nan-regenerating blastema of subject #5 was analysed
to discovar why it did not regenaerate. It, wlike other regenerates of
the tlastemsl stage had heavy vascularizztion in the tip. This, as well
as the space dobssan the epidermis might be the cause of non-regener-
ation. For some reason, the mesenchymal cells were not differentiating.

The study verified the findings of Needham (1952) that differentia-
tion was not simultaneous but proceeded from ths stump distally. This
produced a regenerate that at a certain time had differentiation in the
proximal part as well as undifferentiated cells in the tip. Needham
(1952) stated thet different tissues do not differentiate at the same
rate, This study also demonstrated thia. Cartilaginous structures
were observed to differentiate before any other type of tissue. It
appeared that cartilage should differentiate first since it would give
form to the regenerate. The axes of the limb are determined by the
orientation of the humerus, radius, and ulna. Differentiating mscle
needed samething on which to attach while it was forming.

During the period of the study, numerous regenerates ranging from

a few days to 13 months old, wers observed during thedr formatien.
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The regenerative process was wsually complete after 1% to 2 months.
The remaining period of time w28 one of siow maturation and growth in
volume. Even though the 1lirb was replaced functionally, it never equal-
ed the sigze of the normal limb. IZf regeneration rate were to be graphed,
it would appear as follows. It would be slow if not static at first and
then suddenly the rate would appear logarithmic. Then at the end of two
months the rate wovld slow down te an almost static rate.

However, for the survivial of the species, even a miniature limb

can be very important. Ambystome texanum is well suited to regener-

ation that takes a period of one to two months. The spacies spends
most of its time hidden under logs, moss, and leaves, and has time to

wait for replacement of structure to occur.



CUMMATY

1. The present investigation was an initisl genermzl descriptive study
of forelimdb regeneration in the adlt Ambystoma texamm,

2. Subjects had forelimbes severed just above the elbow and progress
of regeneration was observed.

3. It wes ascertained that adult Ambystoma ¢eaxemum did possess the

power to regenerate forelimbe under the experimental conditions.

k. Fros the amputations, 59 completely regenerated foralimde and mamy
early regmnarative astages were obeerved to form. 15% of these regener-
ates had digital sbnormalities.

5. Twenty-two rogansrates were observed every 2-4 days for a perlod
of 60 days for the purpose of making morphological obeervations and
timing regeneration.

6. Several stages of regeneration were described and the average time
for each was listed in Table I.

7. Tt was discovered that, on the average, after L0 days a completed
regenerate with elongating digits was formad.

8. From Flgures #1-#8, 1t was proposed that after 2 months regener-
ative processes might no longer be functioning. After this replace-
ment wvas due to slow matwration and growth,

9. Sarizl sections of regenerates at different stages were obteined
and analysed.

10. Regemerative events were identical to those reported in the liter-
ature concerning other gpecies.

11. Cartilage was the first type of tissue to differentiate. Differ-
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entiation does not occur simultanecusly, but rather starts pracimally

and proceeds distally.
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