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INTRODUCTION

The ability to regenerate is a fundamental property of living 

matter. In higher vertebrates, however the regenerative capacity 

is limited. Most are unable to regenerate appendages. This abil

ity seems to have reached the amphibians, however, before being 

lost. Urodele amphibians are the most noted for limb regeneration, 

although anuran larvae also possess this capacity. The adult frog 

has lost the power to regenerate a limb normally, but through 

artificial induction, even these can be led to regenerate a limb- 

like structure (Singer, 1958). Xenopus laevls, a primitive frog 

(Rostand, 1932), also is capable of regenerating an amputated limb, 

although the new growth tends to be heteromorphic and occurs less 

readily after proximal amputation (Beetschen, 1952)•

This paper is concerned with the phenomenon of limb regener

ation in the urodele. The histological processes will be examined 

and reference will be made to phases of regeneration as outlined 

by SchottA and Butler (19^2) and Singer (1952)* Early in the days 

following limb amputation, cells accumulate to form a Regenerate 

blastema at the tip of the limb stump (Singer, 1952). Research 

on the origin of these blastema cells points to a dedifferentiation 

of mesodermal tissues (Chalkley, 195*U Trampusch and HarrebomAe, 

19^5)* The importance of the formation of an apical cap from 

migrating epidermis has also been examined (Thornton, 1957)•

In a description of tissue differentiation in the regenerating 

urodele limb Manner (1953) notes that cartilage is one of the first 

tissues to appear. Weiss (I925) and Thornton (I938) have reported 

that the limb skeleton need not be present in order for new car

tilage to regenerate. Muscle differentiation ha6 been found to
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begin with a re-orientation of blastema cells in the vicinity of 

old muscle. This differentiation progresses distally in the regen

erating limb, following the formation of cartilage (Chalkley, 195^)•

The role of the nerwous system in limb regeneration will also 

be discussed. It has been shown that innervation of the regen

erate is necessary for limb regeneration (Schott^. 19265 SchottA 

and Butler, 19^15 Singeri 1952). Invertigation of the role of 

nerve components (motor, sensory, and sympathetic) has revealed 

that only the limb sensory fibers are present in a great enough 

quantity to induce regeneration (Singer, 19^3» 19^5» 19^»).

Singer (l9^6a) has also induced regeneration with a highly branched, 

regenerated motor nerve supply. Research has pointed out that a 

threshold value exists for the number of nerve fibers required for 

limb regeneration Singer, l9i+6bj Singer and Egloff, 19^9). Varia

tion in this threshold has been shown to be the result of a relation

between the size of the amputation surface and threshold require

ments. In terras of unit area, however, the threshold requirements 

are found to be relatively constant for most regions of the limb 

(Singer, l9^7a, b).

In an examination of the effect of denervation on phases of 

regeneration, Singer and Craven (19^8) have found that innervation 

is necessary for regeneration until the thirteenth day after amputa

tion in the adult newt. Schottl and Butler (1944) have been able 

to regenerate urodele larva limbs with denervation after the seventh 

day following amputation. The effect of denervation past these 

dates is primarily on length and volume which increase less than in

normal controls.

Experimenters in amphibian limb regeneration will often



amputate both forelimbe of a specimen, using one side as a control 

while some experimentation is carried out on the other limb stump 

(Schotti and Butler, 19^11 Singer, 19^2, 19^3» 19^5) Singer and 

Egloff, 19^9)* No consideration is given to any possible effects 

this contralateral amputation might have in itself. Tweedle (1970, 

1971) at Michigan State University has found that a significant 

effect exists under these circumstances and has attributed the

cause to a contralateral effect in the nervous system upon amputa

tion. My work is an attempt to duplicate the contralateral effect

that Tweedle showed



I. THE HISTOLOGICAL PROCESS

Phases of Regeneration

The Initial trauma caused by urodele limb amputation i3 followed 

by the covering of the wound surface within 12-24 hours by a thin 

epidermal sheet (Singer, 1952). Lltwiller (1939) has shown that 

this initial epidermal wound covering is brought about by migra

tion of surrounding epithelial cells and not through cell division. 

The period of wound healing lasts for six days (Manner, 1953), 

during which the epidermal covering thickens greatly from the three 

or four layers of normal skin to as great as ten or fifteen cells 

thick. There is increased epidermal mitotic activity within the 

limb stump during this same period, as cells which migrated are 

replaced (Manner, 1953)• It should be pointed out that the dermal 

layer is not involved in this migration to cover the amputation 

wound.

Tissues lying under the epidermis show substantial changes 

during the first days following amputation. At first, an essential 

wound reaction occurs with phagocytosis quite evident. The phago

cytic cells remove tissue debris and disappear within about two 

days. At this time connective tissue cells and fibers begin appear

ing in great abundance under the covering epidermis. The fibro- 

cellular connective tissue is well developed by three or four days 

and reaches its greatest extent by about eight days after amputation. 

At this time it is gradually replaced by blastema cells (Singer, 

1952). By the tenth day, the mesenchymatous accumulation (blastema) 

is quite prominent and the end of the limb stump has swollen due 

to widespread edema of the wound area (Fig. 1).
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Figs. 1-8. Stages in the Regeneration of the Forellmb of the Adult 
Newt Triturus virldescens (Singer, 1952) Magnification, X 4.5

By two weeks, the accumulation of mesenchymatous cells is quite 

large due to rapid mitosis. The regenerate at tMs stage is refer

red to as the early hud with a dome-shaped appearance at the end 

of the stump (Fig. 2). Within two days, the medium bud stage is 

reached as the regenerate hud becomes somewhat conical in shape 

(Fig. 3). At three weeks following amputation, the regenerating 

limb has elongated much further and is pointed in forming what is 

called the late bud (Fig. 4).

The first sign of morphogenesis is observed in the middle 

or late part of the fourth week, when a bend in the middle of the 

regenerating limb appears, representing the developing elbow (Fig.

5, dorsal viewj Fig. 6, posterior view). The flattening of the 

distal portion of the regenerating bud in anticipation of forma

tion of the hand is another morphogenetic sign associated with 

elbow formation (Figs. 5 and 6). SchottA (1926) has referred to 

this as the hand or palette stage. Sometime during the fifth 

week of regeneration, digits will appear for the first time as 

small swellings on the distal end of the growth (Fig. 7). This
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Is followed In the ensiling weeks by an elongation of the fingers

(Fig. 8). The above stages were observed in adult Triturus

virldescens kept at 25°C (Singer, 1952).

SchottA and Butler (19^) have deliniated the regeneration

of a urodele limb subsequent to wound healing as consisting

essentially of three successive phases. The first is a phase

of dedifferentiation, which consists primarily of the preparation

and collection of materials at the level of amputation. This r>> > .

process appears to be essentially local in nature and culminates

in the formation of the regeneration blastema. Further theory as

to the origin of this blastema will be discussed in the next sec

tion. SchottA and Butler regard the next phase as a phase of

induction. It is concerned with the transformation of the blas

tema into a limb rudiment, in which the morphogenetic patterns

of the missing parts of the limb are laid down. The third phase

consists essentiallv of an integrated succession of developmental

stages in which the proliferation of cells and their transforma

tion Into the definitive structures of the limb takes place. This

is the period during which growth and visible differentiation lead

to the restitution of the parts lost by amputation. This final

phase is referred to as the phase of morphogenesis, with no impli

cation that this term provides any explanation of the underlying *
processes involved. In its complexity, the third phase leads to

the physiological integration through which the regenerated limb

becomes a functional part of the organism.

Origin of the Blastema

The problem concerning the origin of the regeneration blastema
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has been the subject of numerous scientific papers. The origin 

has been postulated as epidermal (Rose, 1948), hematogenic- 

derived from the blood (Hellmich, 1931)» and mesodermal (Butler 

and Schottl, 1941} Thornton, 1942} Schott4 and Butler, 1944}

Manner, l953t Heath, 1953? Chalkley, 1954} Hay and Fischman,

I96I), Weiss (1939)» who rejects any theory on the reversibility 

of cellular differentiation, believes that the regeneration blas

tema is derived from a stock of undifferentiated cells within the 

surrounding tissues. Needham (1942) supports this view by main

taining that relatively undetermined mesodermal cells come forward 

and are organized into everything that the new structure needs. 

Others,.however, hold that a dedifferentiation of tissues results 

in blastema cells (Butler and Schott6, 1941} Thornton, 1942,

Singer, 1952, Manner, 1953? Heath, 1953? Chalkley, 1954} Hay and 

Fischman, 196I).

Butler (1933) has demonstrated that the cells of the blastema 

must be of local origin and hematogenic. In his classical exper

iment, he took advantage of the growth-inhibiting action of X-rays, 

and irradiated the limb stump of Ambystoma larva for a distance of 

only a few millimeters back from the level of amputation. He 

found the cells of the regeneration blastema especially sensitive 

to X-rays. In the non-regenerating limb stump of the radiated 

larva a condensation of cells occurred which resembled the forma

tion, of the blastema of a normally regenerating limb stump, how

ever, these mells are incapable of differentiating into the compo

nents of a new limb. The primary effect of X-radlation on limb 

regeneration appears to be on differentiation, and points out the 

local origin of blastema cells.
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The theory of formation of the blastema from undifferentiated 

cells in the stump area has encountered opposition through results 

from studies on dedifferentiation of internal tissues. Chalkley 

(195M showed that under normal circumstances blastema cells orig

inate from these dedifferentiating internal tissues. His work has 

been supported by that of Hay and Fischman (1961) who labeled cells 

of the dedifferentiating internal tissues with tritiated thymidine 

and traced their contribution to the normal blastema. Chalkley 

(195^)» however, does not rule out the possibility of a contri

bution of reserve cells to the blastema, particularly under exper- 

inental conditions where some of the regular contributing tissues 

are eliminated. Further proof of blastema formation through de

differentiation comes from the fact that a blastema first appears

before there is sufficient cell division to account for its form

ation from any undifferentiated local cells which might be present 

(Rose, I9W). Thornton has shown that in normal limb regeneration 

all tissues injured by the amputation undergo considerable dediff- 

erentiation (with the exception of nerves, blood vessels, and epi

dermis) and give rise to blastema cells.

Rose (19^+8) has attempted to show that a large portion of 

the young blastema is derived from dedifferentiating epidermal 

cells. He reported that no tissue near the limb stump except the 

surrounding epidermis begins to Increase by cell division prior to 

blastema formation. From the large mound of epidermal cells which 

forms at the distal tip of the limb stump preceding blastema form

ation, there was a marked loss of epidermal cells accompanied by a 

large gain in regeneration cells. No other tissue was found to

decrease rapidly in cell numbers during blastema formation.
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Chalkley (195^)» however, has shown that cell division begins 

in the inner limb tissues much earlier and more proximally that 

was previously realized. This cell division in the inner tissues 

could account for the appearance of the blastema without the neces

sity of postulating an epidermal origin of cells. Chalkley did 

not observe the great epidermal losses that Rose did, which may 

have been partially the result of molting, a highly variable occur

ence in the newt. By labeling epidermis with tritiated thymidine, 

Hay and Fischman (I96I) have found that nn transformation of epi

thelial cells into blastema cells can be demonstrated.

We are left with mesodermis from dedifferentiated tissues as 

the source of the regeneration blastema . This hypothesis is ac

cepted by most workers presently and detailed studies have been

done to establish the individual contributions of various meso

dermal tissues. Chalkley in a quantitative histological

analysis has shown that out, of a total of 70,000 blastema cells 

present at thirteen days after amputation, the neurilemma has con

tributed 2.3%, muscle 2.1%, and the connective tissue proper an 

estimated 16.5%. The remaining 78.9%, and all Increase in blas

tema cell number after the thirteenth day is assumed to be the

result of cell division. Dedifferentiation of internal tissues

and accompanying blastema cell division give rise to blastema 

cells continuously from the five-ten day period after amputation 

through twenty days. There is, therefore, no sudden appearance 

of blastema bells as such, but there is a moderately abrupt distal 

accumulation of a compact blastema about twenty days after amputa

tion. In the order of their dedifferentiation, first the cells 

from the neurilemma and later the dedifferentiated muscle- or
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bone-cells come to lie beneath the apical cap. There these cells 

intermingle, having been converted into uniform cells not to be 

distinguished from each other, and form the blastema, the struc

ture from which the regenerate will take its origin (Trampusch 

and HarrebomAe, 1965).

Although epidermis does not contribute cells to the blastema, 

this tissue does play an'Important role in limb regeneration, 

particularly in the formation of the blastema. The epidermis which 

migrates out over the proximal end of the limb stump during wound 

healing becomes mltotically active and forms an apical cap several 

cell layers thick. The regeneration blastema develops directly 

beneath this apical cap. If the cap develops asymmetrically at 

the limb tip, then the blastema forms in a corresponding asymmetry 

beneath it (Hay and Fischman, I96I). Thornton (1957) has found 

that limb regeneration mav be prevented in urodele larvae when 

daily repeated excision of the amputation surface prevents the 

formation of an apical cap. An apical cap at the tip of the limb 

stump apparently acts to stimulate the accumulation of cells de

rived from connective tissues and from the dedifferentiation of

limb stump tissues to form a regeneration blastema. Without the 

blastema, limb regeneration is impossible.

Differentiation of Tissues

Cartilage

Cartilage is one of the first elements to differentiate 

from the regeneration blastema (Manner, 1953)• In mid-humeral 

amputees the first Indication of cartilage formation is the appear

ance of an axial zone of reduced cell density in the vicinity of
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the amputation plane at about twenty-one days. This zone extends 

distally Into the blastema and proximally along the much eroded 

humeral shaft. By twenty-five days after amputation, there can be 

distinguished the outlines of the distal replacements of the humerus, 

radius, ulna, some carpal elements and one or two digits. This 

early cartilage forms a continuum in which the individual parts 

are distinguishable only‘by variations in the contours of the zone.

An intracellular matrix has been produced and the contained cells 

are clearly identifiable as chondrocytes (Chalkley, 1954). Morpho

genesis and differentiation continue, until by the thirty-first 

day only the distal tips of the digits lack matrix and all of the 

digits and carpal elements are recognizable. By the thirty-seventh 

day all skeletal elements of the regenerate have been chondrified 

in part, though the wrists and digits still incorporate many prob

able chondrocytes not yet invested by matrix.

Weiss (1925) has shown that the limb skeleton need not be 

present in order for new cartilage to be regenerated. Thornton 

(1938) by exarticulation on the humerus has demonstrated that from 

a regeneration blastema, containing no cells which have been derived 

from cartilage, a new limb will regenerate possessing a cartilagi- 

nous skeleton. This new cartilage is developed from a composite 

blastema made up of cells derived from a dedifferentiation of mus

cle tissue, especially shoulder muscles, of neurelemma from the 

brachial plexus, of muscle sheath, and, to a certain extent, of 

subcutaneous connective tissue. The new skeleton is formed by 

means of a differentiation of the blastema cells in the central 

axis of the blastema, and bears no genetic continuity with the

old limb skeleton
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Thornton (193®) notes that cartilage formation under these 

circumstances extends proximal to the level of amputation as well 

as distal to it. This result opposes the finding of Weiss (I925). 

Bischler and Guyenot (1926) and Bischler (I926) have also reported 

that skeleton regenerated proximal to the level of amputation and 

concluded that it was the extent of the blastema rather thah the

level of amputation that determined the amount of cartilage or 

bone regenerated.

Muscle

Muscle differentiation begins with the 't'eeritatation of blas

tema cells in the vicinity of eld muscle, as cells between the 

remaining periosteum and the subcutaneous tissues assume a longi

tudinal orientation parallel to the limb axis, the cytoplasm-to- 

nucleus ratio in the new muscle is low, since relatively little 

sarcoplasm is associated with the new nuclei. Before any cyto- 

logieal indication of the nature of the cell develops, there is 

a fusion of many of the cells. Once the sarcoplasm has assumed 

its characteristic staining reaction it is impossible to find cell

membranes between the nuclei.

Progressing distally in the regenerate, muscle differentia

tion follows the formation of cartilage. With the expansion of 

the cartilage following the onset of matrix production, the cells 

which immediately invest it assume a tangential orientation. Be

yond this incipient perichondrium the cells take on a longitudinal 

orientation as in the more proximal stump tissues.

The individual muscles are very difficult to Identify and no 

appreciable mitotle activity appears in muscle until the thirty- 

seventh day. Beginning on the nineteenth day after amputation new
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muscle nuclei appear at all levels of the regenerating limb, 

except those represented by the most distal sections. By the 

thirty-first day after amputation the number of nuclei per section 

in the stump is approaching the normal level throughout, though 

the number of muscle nuclei in the regenerate proper is small.

With the onset of mitosis the number of muscle nuclei in the 

regenerate increases rapidly, though continued increase in the 

stump and in the proximal region of the regenerate suggests that 

differentiation of blastema cells into muscle cells is continuing 

there (Chalklev, 19.5*0 •
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ll. THE ROLE OF THE NERVOUS SYSTEM

Early Investigation

The first report of the Influence of nerves on amphibian limb 

regeneration was made by Tweedy John Todd in I823. He observed 

that severance of the sciatic nerve in a salamander limb prevents 

regeneration distal to the level of division of the nerve. Todd 

observed further that division of the nerve causes a regenerate 

already developing to "shrivel and waste." Little interest was 

shown in this area following Todd’s work, until early in this 

century. Soon after the year 1900, several reports appeared with 

some affirming and others expressing doubt concerning the necess

ity of nerves for regeneration. Wolff (I9IO) and Walter (1912) 

finally settled the question in the affirmative. Schotte (1926) 

later made it clear that in the event of a disruption of the nerve 

supply to a salamander’s limb, regeneration does not begin until 

after nerves have regenerated and reentered the region adjacent to 

the level of amputation.

Innervation of the Regenerate

In a detailed study, Marcus Singer (19^*9) showed that except 

for the first two days after amputation, the regenerate is amply 

supplied with nerve fibers which grow out from the severed trunks 

of the amputation stump. These nerve fibers, which arise from 

the interrupted ends of adult neurons to invade the regenerate are 

present within it in great numbers at all stages of development. 

Although they are not equivalent to adult axis cylinders, the re

generating fibers do have their trophic centers in adult cell
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bodies (Singer, 1952). The fibers pervade the entire regenerate 

throughout development, so there is no tissue of the early re

generate which escapes the presence of the nerve (Singer, 19^9)•

This puts the nerve in a position to influence each region of the 

regenerate in the quite early and critical stages of growth.

In their growth, the nerve sprouts come to invade the epidermis 

in addition to deeper lying tissues. During the first few weeks of 

regeneration they are seen in great numbers among the epidermal 

cells. These fibers Invading the epidermis are naked and not 

accompanied by Schwann cells (Singer, 1952)• Many are exposed at 

the surface as epidermal cells are sloughed off. Epidermal innerva

tion subsides with later development, and only an occasional fiber 

is seen in the epidermis of the advanced regenerate. The epidermal 

innervation provides a nervous protection of the developing re

generate, since the growth is thereby rendered highly sensitive 

to mechanical stimulation (Singer, 19^9)•

Mesenchymatous regions of the regenerate are richly supplied 

with nerve twigs, which wind among the cells in great numbers, 

branching repeatedly. Accompanied by their Schwann cells, these 

fibers show an intimate relation to the cells of the regenerate 

(Singer, 1952). The fibers form functional connections with 

muscle as differentiation occurs. The diffuse arrangement of 

nerve sprouts becomes reorganized into definite nervous channels 

which show a close resemblance both in pattern and distribution 

to those observed in the normal limb (Lltwiller, 1938).
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Dependence of Regeneration upon Innervation

Although it is generally accepted today that a stump denervated

at the time of amputation is incapable of subsequent regeneration, 

some investigators were hard to convince. Goldfarb (1909) denied 

any Influence of the nerve on regeneration of the salamander’s 

forellmb. He held that there are no nerve fibers in the normal re

generate during its development. This belief is without foundation, 

as sections stained specifically for nerve fibers reveal (Litwiller, 

IQ38: Singer, 1949). Goldfarb further concluded that regeneration 

of a nerveless limb can occur eventually, albeit with some delay.

It has been shown, however, that inception of regeneration in such 

delayed Instances is due to relnvasion of the amputation stump by 

regenerating nerve fibers (Wolff, 1910; SchottA, 1926). Furthermore, 

collateral fibers arising from adjacent spinal nerves may invade the 

limb in sufficient number to cause regeneration (SchottA, 1926; 

Singer, 1946a). In most Instances, however, regeneration of the 

denervated limb stump, at least in the adult, never occurs unless 

reamputation Is performed (SchottA, 1926). Apparently the skin, . 

having completed its development over the amputation surface, 

effectively suppresses regeneration even after eventual widespread 

’’einnervation of the stump (Nassonov, 19361 Peredelsky, 1940).

Schott4 (1926) has demonstrated that regeneration of the larval 

salamander limb requires Innervation, just as the adult one. In 

fact, the effects of denervation of the amputation stump in the 

larva are more striking than in the adult. Not only is regeneration 

lacking in the larva, but the amputation stump is unable to pre

serve its morphological Integrity in the absence of the nerve.
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Consequently, It regresses and is eventually resorbed completely. 

Resorption of the nerveless stump occurs irrespective of the level 

of amputation, the prerequisites being injury by amputation and 

continued denervation (Singer, 1952)« SchottA and Butler (l9*l) observed 

in a study of the nature of the resorptive processes of the de

nervated and amputated limb of the larva that dedifferentiation of 

tissues near the amputation surface, which normally subsides as the 

blastema is formed, continued to sweep proximally as a blastema failed

to form.

Although Schotti and Butler (l9*l) required amputation of 

the larval limb for regression, Thornton (195*) has induced regression 

of the unamputated larval limb by a combination of limb denervation 

with a fracture of the limb skeleton. No external wound was produced 

by this procedure, but the injured forelimb regressed extensively 

as long as nerves were prevented from entering the limb. After 

complete distal regression had reduced the nerveless injured forelimb 

to a spike, reinnervation was allowed to occur. This resulted in 

normal regeneration even though an amputation had never been performed.

The first indication of regeneration in the reinnervated regressed 

limbs was invasion of the epidermis of the limbtip by many nerve 

fibers. The richly innervated epidermis became mltotically active 

and formed an apical cap several cell layers thick. Directly 

beneath the apical cap there formed an accumulation of cells which 

developed into the regeneration blastema (Thornton, 195*)• An 

interesting aspect of this study pointed out by Goss (1969) is that, 

if the digits of the regressing limb did not waste away completely,
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regeneration of the limb could not occur upon reinnervation.

Goss felt the persistence of differentiated terminal structures 

precludes the organisation of a new blastema. Thornton (1957)

Indicated that dermal fibers interposed between the epidermis and 

the regenerating nerves prevent nerve fibers from penetrating the 

limbtip epidermis. Under these circumstances, he observed the 

failure of an apical cap to form. Thus, regression of an unamputated 

denervated larval salamander limb must proceed to the point of 

dermal regression before reinnervation will result in regeneration.

An experimental contradiction to the requirement of innervation 

for regeneration of limbs has been reported by Chester Yntema (1959)• 

Yntema was able to develop limb6 in urodele embryos, which were com

pletely nerveless, or nearly so. Limbs such as these, which have 

never been innervated, are called aneurogenic (Goss, 1969)* They 

pan be produced by removing the part of the embryonic neural tube 

from which nerves usually grow into the arms. This seriously incapac

itates the animal, however, to the extent that it cannot feed itself.

It is able to survive larval life only by being combined parabiotically 

with an intact embryo from which nourishment can be obtained. The 

amazing result Yntema discovered was that these aneurogenic limbs 

were able to regenerate upon amputation, despite their lack of

nervation.

The Role of Nerve Components in Regeneration

Even before the dependence of regeneration upon Innervation 

was fully resolved, another problem arose concerning the role of 

individual nerve components (somatic motor, sensory, and sympathetics)
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in the overall Influence which nerves exert for regeneration of 

extremities. Wolff (1910) recorded the regeneration of the hind 

limb of Triton following the removal of the spinal cord in that region 

He also found that when a lumbar segment including both sensory and 

motor components was removed, regeneration did not occur until some 

time after the operation, when responses indicated that the limb 

stump had received a regenerated nerve supply. On the basis of 

these two experiments he concluded that the sensory supply is the 

important element for regeneration of the limb. Walter (l91l)» a 

student of Wolff, reaffirmed these results. Later, however, with 

more experiments, Walter altered his judgment and reinterpreted 

his results. He felt the nervous system's role in regeneration

concerns the establishment of a reflex arc which includes the

sensory neuron and in which the sympathetic nerves act as the out

going branch. When any part of this arc is broken, regeneration

does not occur.

After analysing the role of the various nervous components in 

the regeneration of limbs in the salamander, Schott^ (1926) con

cluded that the sympathetic nerve supply is the essential neural 

element. He based his conclusion for the most part cm the following 

results J Regeneration was obtained in cases where either the 

sensory or the motor supply was eliminated. Secondly, regeneration 

occurred when the entire spinal somatic supply alone was eliminated. 

Thirdly, removal of the sympathetic cord in the region of the limb 

without damage to the spinal supply led to an absence of regeneration 

And finally, the sympathetic nerves of the brachial and 1urnbo-sacral

regions do not need to retain connections with any other part of the
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sympathetic cord or with the central nervous system in order to 

stimulate regeneration.

Loctelli (1929) in an extensive review of her own experiments 

has taken issue with Schotti's conclusions. Her experiments, 

including histological analyses and work on the sympathetic nerves, 

ler her to conclusions in agreement with those of Wolffj that is, 

that the sensory supply is all important for regeneration of the

limb.

The problem of the influence of each nerve component in the 

regeneration of the urodele limb was more recently reanalyzed in 

Triturus, by Singer (1942a,b, 194-3, 19^5» 194-6a,b, 194-?a,b^ in a 

series of histoanatomlcal studies of the sympathet.lcs and other 

nerve components of the forellmb. By means of silver-stained sections 

through the limb and the entire body wall, histological controls of 

the results showed that only the sensory one of the three nerve 

components (somatic motor, sensory, and sympathetic) is capable 

of stimulating regeneration in the absence of the other two. It 

might be possible to conclude from these results that sensory fibers 

differ qualitatively from motor and autonomic fibers and alone have 

the quality necessary to evoke a regenerative response from the 

tissues of the amputation surface. However, in the course of analysis 

some evidence appeared which questioned the notion of such a qual

itative distinction of fibers of the sensory component (Singer, 19^3» 

394-5, 1946a). When the sensory contribution to the amputation sur

face is partially destroyed, and both the motor fibers and 

sympathetics are severed, regeneration does not occur. Even

when some motor fibers remain in addition to sensory ones, such
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as when spinal nerves three and four are cut but spinal nerve five 

Is spared, regeneration fails to take place (Singer, 1943). Further 

experimentation has shown that regeneration of the limb may be 

invoked by a pure motor supply (Singer, 1946a). In these experiments, 

the motor fibers of the ventral root were allowed to regenerate back 

into the limb following transection of the ventral and dorsal roots 

and ablation of the sensory ganglia. Under such circumstances, the 

motor fibers, in the course of regeneration to the periphery, 

encounter more pathways in the degenerating peripheral stumps of the 

spinal nerves than they previously occupied. These fibers consequently 

branch repeatedly and tend to saturate the previously vacated motor 

and sensory pathways. In this event, the limb receives more 

motor fibers than were present prior to the operation. It would seem 

that motor fibers also possess the quality necessary to induce limb 

regeneration but do not normally exist in sufficient quantity in 

the limb to stimulate regeneration.

Another reason for questioning sensory fibers as qualitatively 

peculiar emerged from anatomical information on the quantitative 

representation of fibers of each component within the limb. The 

sensory root has been shown to contribute more fibers than either 

the somatic motor root or the sympathetic root. Thus, quantitative 

superiority rather than qualitative peculiarity has emerged as 

a possible explanation of the sensory action in regeneration.

Importance of the Nerve Fiber Quantity

For some time, the idea that the quantity of nerve fibers might 

be Important in the nerve action was not investigated to any extent,
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although SchottA (1922) and Weiss (1925) did suggest that intensity 

of regeneration might be related to nerve quantity. Marcus 

Singer (1946b) initiated an analysis of the relation between the 

number of nerve fibers and the activity of the nerve in regeneration 

with a study of the quantity of motor, sensory, and sympathetic 

fibers contributed by each of the three brachial spinal nerves to 

a selected amputation level of the upper arm of the newt, Triturus.

This analysis showed a great disparity in the number of fibers that 

each component contributed to the amputation level and that the 

disparity becomes increasingly marked distally. The ratio of 

component fibers proved to be 1»6i22 with extremely few sympathetic 

fibers, while the sensory quantity was almost four times that of 

the motor component. This revealed a quantitative advantage for 

the sensory component underlying the qualitative difference it 

established by being able to evoke regeneration in the absence of 

the other two components.

With knowledge of the quantitative contribution of each nerve 

component from each brachial spinal nerve to the amputation level 

of the upper arm, it was possible to study the influence on regeneration 

of reduced quantities of fibers (Singer, 1946b, 194?a,b). The motor 

and sensory components of the three brachial spinal nerves were 

cut out in various combinations, so that the remaining fibers 

ranged from almost that number normally found at the surface of 

amputation to one representing almost total denervation. It was 

found that regeneration invariably occurred when the nerve fiber 

supply surpassed approximately one-half of the normal, irrespective 

of which brachial nerve or how much of each component was destroyed.
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However, regeneration never occurred below a level of about one- 

fourth up to almost one-third the normal innervation number.

Between the extremes of all positive and all negative instan

ces lies a range of nerve fibers quantities where regeneration will 

occur in some cases but not in others, with lack of regeneration 

more frequent in the lower values of the range. This fiber range 

is considered a threshold value, since above it regeneration 

Invariably occurs and below it regeneration is always absent. The 

lower limit of the threshold range surpasses the normal motor 

contribution and is much greater than the available sympathetic 

supply which points out the quantitative inadequacy of these two 

components to evoke regeneration when isolated on an amputated limb.

The sensory contribution far exceeds the threshold range, which 

accounts for its greater growth-stimulating abilityj however, 

partial destruction of this component sill sometimes yield a 

quantity of fibers as Ineffective for regeneration as the normal 

motor or sympathetic supply (Singer, 1952). In such cases, the 

quantity of sensory fibers remaining must be below the threshold

value. Therefore, it is reasonable to assume that all nerve fibers 

irrespective of their origin have the quality necessary for the 

regeneration process, but they need to be present in a quantity 

within or above the threshold range in order to Induce regeneration.

The threshold value for the number of nerve fibers required 

for the regeneration process of the forelimb of Trlturus has been 

shown to vary considerably under various conditions. There is

marked variation in the threshold value for different levels of

amputation. This has proven to be the result of a relation
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between size of the amputation surface and threshold nerve fiber 

requirements. The threshold requirements have been observed as 

relatively constant for most regions of the limb, however, when 

expressed in terms of unit area. Singer and Matterperl (1963) have 

shown a decrease in threshold when a limb sector is transplanted to 

a heterotopic site. The reason for such a decrease is not known, 

however the investigators point out the possibility that the ability 

to respond to nervous stimulation is increased in the wound 

tissues by the trauma of transplantation.

Phases in Regeneration Influenced by the Serves

It has been noted that there is no accumulation of

mesenchymutous cells at the amputation surface to form a blastema 

when denervation is performed at the same time as amputation (Schott! 

and Butler, 1941a). Therefore, the nerve is essential for the 

initiation of limb regeneration or, as Butler and Schott! (l94l,

1949) have termed it, the "phase of accumulation" of cells of 

regeneration and the conversion of the cellular accumulation into 

a true blastema with morphogenetic potencies. Schott! and Butler 

(1941a) point to the nerve’s role here "as a regulating agent of the 

complex cellular interactions which normally are responsible for 

regeneration."

As the regenerate develops, there are changes in its response 

to denervation. Effects of denervation on various stages of 

regeneration In adult newts were recorded by Schott! (1926) as 

follows 1 (a) if a limb possessing a young blastema is denervated,

then no further regeneration occurs and, in most cases, the blastema
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disappearst (b) if a limb possessing an advanced blastema is

denervated, the blastema ceases to grow and no further regeneration . 

occurs} (c) if denervation is performed on stages of fairly ad

vanced regeneration, then only slight effects, such as growth 

inhibition, can be observed and in general further development and 

growth of the regenerate proceeds.

Singer and Craven (19^8) have analysed the effect of de

nervation with quantitative studies of "the adult limb in which 

length, volume, and mitotic changes were recorded. They found 

that denervation before thirteen days was followed by almost 

complete cessation of cellular division and interruption of growth 

in length and volume. There was also some resorption of the 

regenerate and consequently a loss in volume and length. On the 

thirteenth day in a few Instances and Invariably on subsequent days, 

the response of the regenerate to denervation changed. There was 

increase in length and differentiation in the absence of the nerve.

The length of the regenerate, however, was markedly less than that 

of a normal control. An increase in volume never occurred following 

denervation at any stage of regeneration, and in most cases, a 

notable loss in volume was observed immediately following denervation. 

The mitotic rate in the regenerate of the adult limb was also 

diminished after denervation at all stages of development, but less 

profoundly in later stages than in early ones.

In the larva, a blastema less than eight days old will begin 

to decrease in siee upon denervation and gradually the regenerate 

and stump will all be regressed (SchottA and Butler, 1994). Denervation 

from about the eighth day on, however, will not interrupt growth
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and development. The nerveless regenerate continues to grow and 

the various parts of the limb differentiate. The larval regenerate 

becomes a "well-determined regenerate" (Schottd and Butler, 1944) 

once it reaches a certain phase in its development and no longer 

requires the nerve activity. This stage, when the blastema becomes 

independent of the nerve, is the one immediately following 

mesenchymatous accumulation. Schotti and Butler (1944) refer to 

this phase of regeneration as one of imbalance, during which the 

essential processes of induction undoubtedly occur, resulting in 

the transformation of the "accumulation blastema" into a morpholog

ically determined regenerate. The nerve is essential for the 

"induction phase" as well as the "accumulation phase". Following 

the induction phase, a growth and differentiation of the larval 

regenerate no longer requires innervation, except in the functional

sense.

The nature of the nerve’s contribution to the regeneration 

process is not known (Singer, 1952), but some work is being done 

1r this area. The possibility that chemical substances coming from 

the nerve are agents of the nerve’s effect on regeneration is one 

of the more reasonable theories. Work along this line has shown that 

such a chemical is not acetylcholine (Singer, i960). On the 

other hand, the length of regenerating limbs and rate of di<it 

formation in Ambystoma larvae were enhanced by injections of 

Nerve Growth Factor (Weis and Weis, 1971). Indeed, there is still 

much to be learned about the role of the nervous system in 

urodele limb regeneration. It is for this reason that I chose 

an experimental study where only recently another effect of the 

nervous system has been proposed (Tweedle, 1971).
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III. THE EFFECT OF DO’^LF LIMB AMPUTATION

Introduction of the Problem

Quite frequently Investigators of urodele limb regeneration 

make the assumption that regeneration of a limb in a newt will not 

be affected by the presence of other regenerating limbs in the same 

animal. Such experimenters often use one regenerating limb as a 

control while they experimental!y treat another regenerating limb 

of the same newt (Schott^ and Butler, 19^1; Singer, 19^2, 19^3, 19^5? 

Singer and Egloff, 19*t9). In these cases, any possible influence 

which might exist from the removal of more than one limb Is not

taken into consideration.

An early report on the effects of regeneration of removing 

more than one limb was given by Thomas H. Morgan (1906). Through 

unaided visual observations of the removal of one, two, or three 

limbs from adult Dlmctylus virldescens he found no alteration on 

the rate of regeneration. Zeleny (l9°9) carried out a more elaborate 

experiment to find the effect of the "degree of injury" on the limb 

regeneration rate, using Ambystoma opacum larvae with different num

bers of limbs removed and sometimes the tall. He concluded that the 

larvae with a greater degree of injury (more appendages removed) 

exhibited an increased rate of regeneration. Modem statistical analysis 

of his data does not support this conclusion because only small 

numbers of animals were used and there was much overlap between 

regeneration rates of different groups.

In a more recent Investigation, Charles Tweedle (l9?0, 1971)

has demonstrated that in the newt the simultaneous removal of a
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second limb brings about a significantly slower linear regeneration 

rate, but only if the second limb removed is contralateral to the 

first one removed. Tweedle also found that just the severence of 

the brachial nerves of one forellmb of a newt will bring about a 

significantly slower regeneration rate of the contralateral fore

limb. He attributes these effects to the presence of contralateral 

nerve injury. When one limb is removed it produces bilateral 

chromatolysls in the brachial neurons and when two contralateral 

limbs are removed this effect is compounded.

Because so little work has been concentrated on this particular 

aspect of newt limb regeneration, I chose to attempt to produce some 

results of my own concerning double limb amputation effects on regener

ation. Due to numerous complicateons in maintaining a suitable pop

ulation of newts, no statistical analysis of data was possible} however,

Individual cases will be examined.

Materials, Methods, and Results

General

Forty-eight adult newts, Triturus virldescens, were obtained 

from New Jersey. Thirty-six arrived in the first shipment and were 

placed in three aquaria filled with tap water which had been allowed 

to set for several days (conditioned water). They were fed beef 

liver but did not eat well. One week later, only twenty-one remained, 

as a possible bacterial infection had eliminated most of those in 

one aquarium. Seventeen days after their arrival, only fifteen 

newts remained. These were placed in individual glass bowls with 

about ^-in. of water at 21+2°C. They had been started on a diet of
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flaah frozen brine shrimp about one week before, and were eating well. 

Twelve of the newts remaining were selected for use in Series I,

The other twelve specimens arrived later and were also placed in glass 

bowls with fin. of water at 21+2°C. These newts were started immediately 

on a diet of flash frozen brine shrimp and constituted the specimens

in Series II.

Series I

Growth Relationships Between Single
and Double Limb Amputations

Twelve adult newts, Trlturus vlrldescens. were randomly divided 

Into four groups as follows!

Group 1. Those with the left forelimb amputated
Group 2. Those with both forelimb6 amputated
Group 3. Those with the left forelimb and right hindlimb amputated
Group 4. Those with the left forelimb and left hindlimb amputated

All amputations were made through the raid-humerus or mid-femur 

with small dissecting scissors sterilized in 95% alcohol. Amputations 

and measurements were made following anesthesia by immersion in 1i1500 

methanesulfonate (MS 222). The water for all newts was replaced each 

evening with aerated conditioned water. The specimens were fed flash 

frozen brine shrimp every other day about one hour before the water 

change.

Length measurements were used as an index of regenerative growth. 

On all specimens, only the left forelimb was measured. Following 

anastheAla, the animals were positioned on their backs on moist 

cheesecloth on the stage of a dissecting microscope. Three measure

ments of the same limb were made with a Vernier caliper and the av

erage of the three measurements was recorded. Only the left fore-
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limb was measured in each specimen. The total length of the or

iginal limb was measured prior to amputation and the limb stump was 

measured immediately following amputation. On every fourth day 

following amputation the total length of the regenerating stump was 

measured and the length of the original stump subtracted from it to 

give the amount of linear regeneration (Figs. 9 and 10). Stages of 

morphogenesis were also observed to supplement the length measurements.

Of the three specimens in Group 1, one died on the day after 

amputation and another crawled out and dried up seven days after 

amputation leaving one specimen (Fig. 9 A) with one forelimb amputated. 

In Group 2 one died on the first day after amputation and another 

died three days after amputation leaving one specimen (Fig. 9 B) with 

both forellmbs amputated. In Group 3» one specimen (Fig. 10 C^) died 

on the forty-fourth day after amputation following a visible weight 

loss. This specimen did not eat well and was force-fed a small 

portion at eact feeding, which later resulted in a broken lower 

jaw. This left two specimens (Figs. 9 10 Cj and Cg) of those with

the left forelimb and right hindlimb amputated. In Group 4, the 

three specimens died within the first three days after amputation 

leaving none with the left forelimb and left hindlimb amputated.

Unless otherwise noted, deaths in all groups were attributed to 

trauma and excess loss of blood from amputation. A redness around 

the ventral surface near the limb stumps was noted early after 

amputation in many of the specimens that died. Also, the members 

of Group 4 had difficulty in maintaining an up-right position and 

floated continually on their side.
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Measurements were made on the four specimens which survived to 

the forty-eighth day after amputation (Fig. 9) when digit formation 

was complete in all groups surviving. In this study, the left fore

limb of the individual specimen with both forelimbs amputated (Fig.

9 B) was observed to regenerate at the same rate as that of the 

specimen with only one forelimb amputated (Fig. 9 A). Also, those 

specimens in the group missing the left forelimb and right hindlimb 

(Fig. 9 C) were noted to have a slower rate of regeneration in the 

left forelimb than the other groups. These results do not support 

the findings of Tweedle (19^0, 19?l), however, they are not statistically 

significant becaiee of the small number of specimens which survived.

An interesting phenomenon was also noted in the early regeneration 

of two individuals of Group 3 (Fig. 10 C? and C^). The regenerating 

limbs of these newts grew consistently for the first few days following 

amputation. Before twenty days after amputation, a period usually 

marked by accelerated growth rate (Manner, 1953)» their growth rates 

had leveled off and the regenerating limbs grew very little until 

after twenty-eight days following amputation. Some unknown factor 

must have been causing this unusual response.

Stages of morphogenesis observed correspond with the linear 

measurement comparisons. Elbow formation was observed in the 

specimens of Groups 1 and 2 by the twenty-first day after amputation 

but not in the specimens of Group 3 until twenty-three days after 

amputation. Digit formation first appeared in Groups 1 and 2 

by the twenty-eighth day and in Group 3 by the thirty-first day.
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Series II

Growth Relationships Between Single
and Double Forelimb Amputations

Because only a few newts survived In Series I, a second try 

was made to obtain statistical data, from measurement of the rate of 

regeneration when more than one limb Is amputated. Here, only 

forelimb6 were used as twelve adult newts, Trlturus vlrldescens, 

were evenly divided into two groups as followsi

Group 1. Those with the left forelimb amputated
Group 2. Those with both forelimbs amputated

The procedure here was the same as that in Series I. A 

stronger concentration of anesthesia, lilOOO methanesulfonate 

(MS 222), was used. On every fourth day following amputation 

the total length of the regenerating stump was measured and the 

length of the original stump subtracted from it to give the amount 

of linear regeneration (Fig. Il), Stages of morphogenesis were 

also observed to supplement the linear measurements.

Of the six specimens in Group 1, one each died on the fifth, 

eleventh, fourteenth, and fifteenth days after amputation.

Of the six specimens in Group 2, one each died on the seventh, 

eighth, fourteenth, and fifteenth days after amputation. This left 

two specimens in each group on the sixteenth day after amputation. 

Two of the deaths were attributed to a fungus, but some unknown 

factor resulted in the deaths of the others.

Measurements were made on the eight specimens which survived 

to the twelfth day after amputation (Fig. Il), and the means of the

four members of both groups graphed against time (Fig. 12)
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Measurements of the four specimens which survived to the twenty- 

eighth day after amputation (Fig. 11)» and the means of the two 

members of both groups were graphed against time (Fig. 13)• No 

significant difference was found at this stage between the rates of 

regeneration for the two groups. Measurements for this series are 

not reported beyond the twenty-eighth day after amputation be

cause the last measurement was made on the day before this paper
• «

was due.

An unexpected occurrance did appear in this series. Between 

eight and twelve days after amputation there was a decrease in 

the length of all the regenerating limbs (Figs. 11, 12, 13). The 

factor causing this could have resulted in the five deaths after the 

tenth day. Consequently, regeneration in this series as a whole 

has been slower than in Series I.

The decrease in length of the regenerating limbs may have 

been the result of sloughing off a part of the new growth. Bleed

ing from the limb stumps was noticed in two of the specimens on 

the twelfth day after amputation. There is a slight possibility 

that cold may have caused this sloughing off. On the evening 

of the eighth day after amputation, the outside temperature dropped 

as a snowstorm moved in. The temperature in the room where the newts 

were kept may have decreased for a few hours as the window was 

kept slightly ajar over night. Another explanation for the 

sudden retardation of growth may be ether, which was being used 

in the adjacent room on the evening of the eighth day after 

amputation, as ether fumes were detected in the air in the room 

where the newts were kept.
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LINEAR
 REGENERATION IN

 MILLIMETERS 
i 

LINEAR
 REGENERATION I

N MILLIMETERS

Fig. 11. A comparison of the linear regeneration of re
generating limbs of newts from Series II, Groups 1 and 2..
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JDAYS AFTER AMPUTATION
Fig. 12, A comparison of the mean linear regeneration of 
regenerating limbs of newts from Series II, Groups 1 and 
2, which survived to the twelfth day after amputation.

4 8 12 16 20 2^4- 28DAYS AFTER AMPUTATION
Fig. I3. A comparison of the mean linear regeneration of 
regenerating limbs of newts from Series II, Groups 1 and 2 
which survived to the twenty-eighth day after amputation.
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Stages of morphogenesis appeared in both groups at the same 

time. In both groups, the flattening of the distal portion of 

the regenerate bud (Fig. 6) was noted on the twenty-second day 

and elbow formation (Fig, 5) began on the twenty-third day after 

amputation. Morphogenesis appeared not to have been affected 

greatly by the factor which retarded linear regeneration between 

the eighth and twelfth days after amputation.

Discussion

In this study of the effect on the rate of newt limb regeneration 

after amputation of two limb6 in the same specimen, a specimen in 

the first series with both forelimb6 removed regenerated the left 

forellmb as rapidly as a newt with only the left forelimb amputated. 

Specimens in a group missing the left forelimb and right hindllmb 

were observed to regenerate the left forelimb slower than the 

other two groups examined.

These results are not in agreement with the findings of 

Tweedle (1970, 1971) who found a slower rate of regeneration in 

specimens with both forelimbs amputated and no change in the rate 

of regeneration when one forellmb and one hlndlimb were removed. 

Tweedle attributed the decrease in regeneration when both forelimbs 

had been amputated to transneuronal effects. These are effects 

brought about on one nerve cell by Injury to another which is in 

close contact withit. Tweedle indicated that cellular changes 

occurred on both sides of the spinal cord following single fore- 

limb amputation. This condition is Increased with bilateral limb

removal and a longer time is needed for repair. Thus,the presence
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of contralateral nerve Injury is proposed as the mechanism

bringing about a decrease in regeneration rate when contralateral 

limbs are amputated.

Tweedle (1970, 1971) did not observe any difference in the 

regeneration of a forelimb when both a forelimb and a hindlimb 

had been amputated when compared to the situation where only a 

forelimb was amputated. Zeleny (1909) concluded that additional 

limb removal brings about a greater speed of regeneration. Results 

of this study support the work of neither of these investigators. 

However, it must be remembered that only a small number of 

specimens survived.

A possible explanation for the regeneration after removal of 

both forellmbs paralleling that of a single forelimb amputation 

could be that the contralateral effect on the nervous system was 

not great enough to delay regeneration or perhaps some other 

factor stimulated the beginning of regeneration. As to why the 

specimens with a forelimb and hindlimb removed regenerated slower, 

the answer must lie with some factor that took effect just prior 

to twenty days after amputation. These specimens seemed to grow 

more slowly during this period when growth should have been quite 

rapid (Fig. 10). There is a slight possibility that the innervation 

of these forelimbs was disturbed. This would not stop regeneration 

at this stage, but linear growth would he restricted.

In Series II, at the twenty-eighth day after amputation, no 

significant difference in regeneration rates was found between

the two specimens regenerating both forellmbs and the two specimens
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regeneratlng only one forelimb. The difference In regeneration 

rates which Tweedle (1970, 1971) noticed did not begin until 

around the twentieth day following amputation. Series II, there

fore, had hardly progressed far enough for a notable change to 

occur from double forelimb amputation. Also, the number of specimens 

In both groups was too small for statistical significance.

An Interesting phenomenon was noticed in the early regeneration 

of all members of the second series when limb lengths on the twelfth 

day were found to be less than those recorded on the eighth day 

after amputation (Fig. 11). Adverse temperature conditions or 

the presence of ether In the ambient air could have caused this 

unexpected decrease in growth. This points to two separate studies 

which could be carried out in relation to factors affecting 

regeneration. It is known that somewhat higher temperatures will 

increase regeneration rate (Rose, 1948), but I have not encountered 

information concerning any effect of extreme cold or of ether on the 

rate of limb regeneration.

Summary

1. The effect on newt limb regeneration of amputating two

limbs on the same animal has been investigated.

2. Amputations were made at mid-humerus or mid-femur and 

linear regeneration was measured. Stages of morphogenesis were

also observed.

3. In the first series, an animal with both forelimbs removed 

regenerated a new limb as rapidly as an animal with only one fore-
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llmb removed, by forty-eight days after amputation.

4. In the first series, animals with one forellmb and one hind-

limb removed were observed to have a slower rate of regeneration as

a result of some factor taking effect just prior to twenty days 

after amputation. The possibility of an interruption of innervation

is discussed.

5. In the second series, two animals with both forelimbs 

removed regenerated at the same rate as two animals with only one 

forellmb amputated, to the twenty-eighth day after amputation.

6. Eight animals 6f the second series were observed to ex

hibit a decrease in growth between the eighth and twelfth days 

after amputation. Adverse temperature conditions or ether in the 

ambient air may have caused this unexpected occurrence.

?. In both series it is important to note that, as a result 

of numerous casualIties, only a few specimens survived and these

did not comprise enough data for statistical analysis
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CONCLUSION

Despite a great amount of literature concerning regeneration, 

very little is actually known about the subject. For example, it 

is known that amphibians can regenerate amputated limbs, but the 

mechanism by which this occurs is totally unknown. The newt’s 

capacity to replace an amputated limb will continue to serve as 

a primary channel of investigation. In this one phenomenon of 

regeneration alone, there are many questions yet unanswered.

Concerning the role of the nervous system, a threshold range 

for the quantity of nerve fibers has been determined (Singer, 1946b, 

1947a). However, nerve fibers of one functional type (eg. sensory) 

may be more effective than nerve fibers of another functional type 

(eg, motor) (Singer, 1946b, Singer and Egloff, 1949)* If this 

is true, then the threshold requirements for regeneration should 

vary according to the composition of nerve fibers present. For 

example, in instances where the nerve fibers comprising a given 

quantity are Individually not of great potency for inducing 

regeneration, the number of fibers needed to exceed the threshold 

should be higher than in cases where fibers of greater capacity 

to induce regeneration are active in the regenerating process.

The effect of the nervous system at the level of the neuron 

on regeneration is not known with certainty. The present hypothesis

centers around the notion that a chemical substance is released 

from nerve fibers (Schott4 and Butler, 1941, Singer, 1943, Karezmar, 

1946). Butler and Schott! have suggested that this chemical 

contribution Influences a delicate equilibrium which exists



between the amputation surface of the limb and the forming

blastema. This mechanism may explain the nervous influence in 

regeneration. Investigation in this area of a possible chemical 

influence has revealed, that acetylcholine has no effect on regeneration 

(Singer, i960). Regerative growth in the newt limb has been enhanced, 

however, by injections of Nerve Growth Factor (Weis and Weis, 1971)• 

This eliminates the possibility that the normal chemical transmitter 

substance (AChj) plays a role in regeneration. Therefore, the 

identification of the substances that are effective in regeneration

remains an open area for research.

Many factors outside the nervous system are also being 

considered for possible effects on limb regeneration. One which 

has drawn a great amount of Interest is the role of hormones (Schotti, 

1956)« Certain hormones may be necessary to induce normal limb 

regeneration. Other such areas which remain to be examined include 

the pH level of the blood and ion concentration.

Environmental factors can also affect regeneration. Higher 

temperatures are known to increase the rate of limb regeneration 

in newts (Rose, 1998). The possibility of a detrimental effect on 

regeneration as the result of lower temperatures was pointed out 

in this paper. Further studies should be made in regard to 

temperature effects on newt limb regeneration.

Ether in the ambient air may have caused an unexpected regression 

in limb regeneration noted in this paper. Once the mechanism for 

regeneration Is known, it would be interesting to determine what

effect ether might have upon it.
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Although my study concerning the effect of double limb 

amputations on the rate of linear regeneration was not statistically 

significant, some interesting data was acquired. A more accurate 

study should be made in this area with more stringent control over

variables.
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