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INTRODUCTION

Regeneration is a complex biological phenomena 
that is common in some degree to all aspects of life*
It is a part of life that is being greatly experimented 
and explored to understand and use it to its fullest 
advantage* My purpose in writing this paper is to 
give a general picture of regeneration and the problems 
that it proposes* In order to see how regeneration 
works* it is necessary to examine all the aspects of 
this regrowth. Regeneration is affected by many diverse 
factors, and I hope to examine these aspects leading 
to a better understanding of this subject*

It is a known fact that the genetic information 
is present in all cells to become any specific kind
of cell. What is needed is a sufficient stimulus which
will allow control of this genetic information* With 
this in mind, it is possible that regeneration, when 
it is fully understood, could lead to full~scale or 
at least improved regeneration in man. Regeneration 
also has some connections to cancer tissue and could, 
in the future, be adapted to control this* In these 
areas, regeneration could thus be extended to help man 
overcome some of his biological limitations. First, 
however, this subject must have many of its problems 
solved and be understood much better than it is today.
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I

Regeneration can be traced historically as far 
back as Aristotle and Pliny. The tern regeneration 
itself was first used by Rene Reaunur in 1712. In 
his day the Norman fishermen knew well the great re
generative powers of the starfish. Rene himself did 
a careful and descriptive study of regeneration in 
the crayfish and other crustaceans.1 The first ex

tensive experiments, however, were performed in 17^0 
by Abraham Tremblery on the fresh-water hydra. Bonnet 
in 17^5 followed regeneration of the segmented worms 
where many puzzling examples appeared. In 1768 the
first experiments concerning the tails and limbs oi 

2amphibians were experimented by L. Spallanzani*
Prom that time until now, the work in this field has 
been an ever expanding area of experimentation and 
speculation.

^Regeneration,” Collier*s Encyclopedia, 1966, 
Vol. 19.

2"Regeneration,” McGraw-Hill Encyclopedia of Science and Technology? 19<>0, Vol. 11.
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Regeneration can be defined as a "process by which 
organisms replace structures or organs which have been 
lost by accident or mutilation.In all organisms 
there is then necessarily two kinds of regeneration 
that can be realized from this definition. First, there 
is physiological or repetitive regeneration which 
happens normally in life. Examples of this type of 
regeneration would be skin (man), feathers (birds), 
teeth (shark), and the menstrual and digestive tract 
(primates). The second type would be reparative re
generation which follows a severe injury. Regardless 
of which area the regenerative process concerns, the 
cells that replace the lost structures must come from 
two sources: l) outgrowth of new tissue from wound 
area, or 2) transformation and reorganization of parts 
already present. There is also the possibility of both

4means being used in the same regeneration action.
Many people feel that regeneration in the 

Invertebrates should, however, be defined differently.
To these people invertebrate regeneration is "the 
process of restoration of a complete functioning in
dividual from some part of the parent body other than 
the egg.” The Protozoans and Poriferans are good

3"Regeneration," Encyclopedia Britannica, l4th ed., Vol. 19, 64.
4Ibid.
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examples of this as they can remake a full animal 
from as little as .5% of the adult• "* The protozoans 
also undergo another means of regeneration. That is 
the remodeling of old parts* a process called morphal- 
laxis. This is compared to epimorphasis as seen in 
the limb and tails of salamanders* where there is 
differentiation and growth. Generally, it can be 
said that lower animals like the Protozoans have a 
greater regenerative ability than higher specialized 
animals. The residual growth theory* however,
"assumes regeneration is a manifestation of a universal 
property of all organisms." This ability does find 
expression in most animals but can be lost if animals 
become too specialized or if deficiencies of certain 
agents (nerves and hormones) are present.^ Briefly, 
surveying the animal kingdom* the Protozoans replaced 
organs and parts by fission although nuclear material 
must be present. In the Sponges, Coelenterates, and 
Flatworms most parts can reconstruct the whole, and 
for this reason the ability to regenerate is high.
The annelids and Echinoderms offer the first great 
deviation, as a certain quantitative amount of the

5 "Regeneration, Invertebrates," The Encyclopedia 
of the Biological Sciences, ed. Peter Gray, (1961), 865.

"Regeneration," Encyclopedia Britannica, op. cit..p. 65.
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animal such as the posterior or anterior of worms or 
a certain amount of starfish arm must be present* The 
Mollusks and Arthropods are even more specialized and 
only certain parts such as eyes, antenna, and appendages 
can be replaced* In the Vertebrates fish can regenerate 
most of their fins and parts of their gills and lower 
jaw. The amphibians possess the most extensive regener
ation of all the vertebrates* This ability is, however, 
limited to salamanders, newts, and other representatives. 
Limbs, tails, snout, eyes, lungs and gonads are replaced 
in most animals of this group* In the higher amphibians 
such as the toad and frog regeneration of limbs and 
tails is limited to the larval stages* The reptiles 
in regeneration are confined to mostly the tail section 
and scales, while the birds can replace some beaks and 
usually their feathers if lost* In the Mammals, including 
man, no entire complex structures are replaced. The 
hair, teeth, red blood cells, bone, muscle, and some
liver tissue are important parts that can, however,

7regenerate•
Some generalizations can be drawn from this survey. 

Asexual reproducers seem to regenerate well, while 
sexual reproducers have less replacement* The more 
motile structures and those exposed more to injury am> 
easily replaced in lower animals* One might even make

7Ibid*, p. 66.
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the correlation between regeneration and the level 
of organization* Usually the power decreases as 
organisms become more complex* Man, as the most 
complex of animals has almost completely lost his 
regenerative powers* This generalization doesn't hold 
absolutely true as some larva stages of reptiles do 
not regenerate as easily as the adult* In some animals 
the ability to replace lost structures is used as a 
means of defence* Automy or self ampulation is best 
seen in the lizard where a breaking plane of cartilage 
is found in the vertebrae of the tail* When caught, 
the animal's tail neatly breaks off leaving the predator 
only the tail section. This same principle is used 
in the appendages of the Crustaceans and the antenna

gof spiders and many insects.
Another generalization that can be drawn from

animal comparisons is that complex organs regenerate 
less easily than a single tissue. In man, only the 
internal organs such as liver, pancreas, and salivary 
glands have this ability* From this idea many theorists 
say that regeneration involves merely a returning to 
the embryonic state. Any organism or part of an 
organism that has lost its ability to replace parts 
of itself, has therefore become too specialized and 
cannot return to this embryonic state. This theory 
runs into problems, however, when one considers that

8Ibid* * p* 67.
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specialized tissue such as bone and muscles can be
regrown. Also at the time when the frog loses its
regenerative power, its cells are less specialized
than those of the adult salamander which easily
undergo replacement* Regeneration and embryonic
development are similar in many ways, but the big
differences in adult tissue, adult blood, and adult 

oenvironment must play their part* Some attempts 
have been made to link regeneration and hormonal 
changes. True, hormones do have an effect as a young 
limb transplanted to an adult frog can regenerate, 
thus proving that adults have the necessary hormonal 
qualities* An adult limb does not, however, recover 
its regenerative power when placed in a young tadpole 
with hormones also present.9 10 From the few examples 
cited above, it can be seen that regeneration truly 
raises many questions and problems. To actually under
stand these, an intense study is necessary. Amphibians, 
by their great power to regenerate offer an excellent 
opportunity to study and observe regeneration at work. 
Within this single class, some animals have complete 
regeneration of their limbs (newts), while the more 
specialized and evolutionary-advanced frog has regener
ation only in its larval stages.

9Marcus Singer, "Regeneration of Body Parts," 
Scientific American, LXXXXIX (October, 1958), 80.

10"Regeneration," Encyclopedia Britannica, op* cit*, 
P. 70.



II

With the Amphibian in mind, we can discuss a some
what general overall appearance of regeneration in the 
newt* After amputation of a limb, the wound first heals 
as skin covers the stump and scar tissue begins forming 
beneath this layer* By about ten days this scar tissue 
disappears and a small enlargement appears on the stump, 
A couple of weeks after the start of growth, the limb 
looks very similar to the embryonic growth stages* In 
3-4 weeks a cone is distinguishable with a bend for 
the elbow and flattening for the hand area* Nubs later 
appear on the end of the hand indicating the presence 
of fingers* Later the organ becomes a functioning part 
of the organism*11

For the ease of explaining in more detail how 
this process of regeneration proceeds, it will be use
ful to indicate the following stages in the growth 
pattern. These stages are based on the amount and 
degree of changes in the process as many factors such 
as temperature, food, and hormones can affect the rate 
of growth* The following are the stages that will be 
referred to throughout this paper:

11 James Morrill Van Stone, "The Histology of Pelvic 
Regeneration in Tadpoles of Rana sylvatica," Journal of Experimental Zoology, CLVII (December, 1964),354.
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Young early (10-14 days) — amputation surface 
well healed, stump is moderately swollen.

Moderate early (10-19 days) — wound skin is 
elevated and edematous*

Early (10-21 days) — regenerate is dome-shaped 
and stump end is swollen*

Advanced early (11-21 days) — height of bud is 
i its diameter, stump end still swollen.

Medium bud (17-28 days) — regenerate is slightly 
conical and length equals diameter of base; 
swelling is reduced*

Late (19-30 days) — regenerate is conical and 
pointed; l| diameter of base.

Palette (21-30 days) — distal end is flattened 
and appears paddle-shaped; near base of 
regenerate is bend of elbow*

Early digital (21-28 days) — extensions make 
first sign of fingers.

Digital (28-31 days) — digits clearly demonstrated* 
Late digital (28-48+ days) — well formed digits

and motility of limb.12
These stages correspond to diagrams of Figure 1 on the 
following page.

1 2Marcus Singer and Annie Peadon, "The Blood Vessels 
of the Regenerating Limb of the Adult Newt, Triturus," 
Journal of Morphology, CXVIII, No. 1 (1966), pp. 80-81.
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With these stages as our reference we can now go 
to a cellular account of the regenerative process* The 
initial stimulus or activating role seems to be an 
upset in the physiological and metabolic equilibrium 
of the animal* In this case, this stimulus is caused 
by the amputation, but other treatments that upset 
equilibrium have also brought about regenerative action* 
The first day after amputation, epidermis completely 
covers the wound area with two or three layers*
Usually this primary migration is complete by four to 
six hours* Within the first twenty minutes blood 
cells have clumped around this area preventing excess 
bleeding until the epidermis arrives* Then follows 
a period of phagocytosis of tissue debris near the 
immediate stump area. Within four to six days, the 
epidermis increases to thirteen to fifteen layers and 
there is an aggregation of mesenchymous cells indicating 
the first appearance of the blastema. At this stage 
the blastema bears a strong resemblance to the embryonic 
limb bud of young tadpoles or larva stages. Following 
a week after amputation, the nerves begin to branch 
into this blastema and organize into bundles. These 
bundles approach but never seem to contact the epidermis 
after penetrating the blastema*

1 3Van Stone, loc* cit*
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The blastema is of primary importance and numbers 
about 15*000 cells. This number increases to 43,000 
and then drops again to about 27*500 cells later in 
development. The blastema continues growing from its 
initial start until it is cone-shaped. Then differ
entiation starts as cartilage, muscles, and other 
tissues are formed. With use of labeled thymidine which 
incorporates into DNA the first cartilage seems to form 
from the epidermis. Labeling only lasts for about six 
divisions, and by this time the cartilage is formed.
The cartilage has thus undergone a dedifferentiation
to form the mesenchymous cells of the blastema and 

14then a redifferentiation to cartilage again.
The muscle tissue follows a somewhat similar

pattern. The myofibrils break up and the characteristic 
muscle striations disappear. The cells become mesen
chymous but contain more endoplasmic reticulum than 
other cells. This reticulum is carried with these 
cells into the mature ones thus making tracing easier. 
About ten days after amputation, redifferentiation 
then starts to occur in the partly dissociated muscles 
of the stump. The first cells come from partly 
differentiated cells and then are formed from blastema 
cells. The new muscles or myoblasts gradually take 
the elongated appearance of other muscles. The first 
muscle formed has been seen as early as thirteen days

^Dorothea Rudnick (ed.), Regeneration. 20th 
Growth Symposium, (New York: Ronald Press Company, 
1962), pp. 153-208.

-12-



after amputation, but usually great Increases are seen 
by the 17th post-operative day* The other structures and 
tissues found in a mature limb form much as do the cartilage 
and muscle tissue* First, the mature cells dedifferentiate 
into mesenchymal cells* These cells then gradually develop 
into mature cells again]'’ The following diagram illustrates 
this t

Fig. 7-17. Diagram summarizing the changes in fine structure which occur 
in the mesenchymal cells of the blastema as ihey differentiate into myoblasts 
and muscle cells, on the one hand, and early cartilage cells and cartilage, on 
the other. The formed cell types dedifferentiate (arrows, center of figure) into 
mesenchymal cells when the limb is amputated. See text for further description.

Ibid* * pp. 183-204*
CARROLL library
HELENA, MONTANA 59601



Ill

Each regenerative process attempts to replace 
exactly that part or structure that was lost* Expert-* 
meats have shown that if the initial formations of 
regeneration are correct, the end result is usually 
a nearly complete replacement* It is these important 
steps at the beginning upon which we must now focus 
our attention* It is in these primary stages that correct 
regeneration must be started to get a regenerate that 
will function properly. The epidermis plays a sig
nificant role in the initial steps of regeneration*
It is thought that the epidermis regenerates most of 
the limb* Evidence which supported this idea is required 
by the fact that the same number of mesenchymal cells 
that go into the blastema is preceded by disappearance 
of the same number of epidermal cells. This indicates 
that some cells of the epidermal cap change to these 
mesenchymal cells* Other evidence to test this idea 
is to transplant polypoid epidermis on diploid stumps*
In these cases the polyploid cells often appear in the 
mesenchymal cells surrounding the wound and the new 
limb* Further evidence is obtained by the use of 
irradiation* Sufficient irradiation can prevent growth

-14



and regeneration, and yet, when this same irradiated 
limb is transplanted with normal epidermis, regeneration 
takes place*In other animals skin is stripped back 
and shielded from the radiation while other animals
were treated with 35OOr of radiation* After skin was
put back covering the irradiated end, only these limbs
regenerated following amputation* Also, by using black
and white axolotls, more evidence is discovered* By
transplanting white axolotl epidermis on a black
axolotl stump following amputation, a white limb grows
during regeneration, at least partially* Skin, when
transplanted from a tadpole to a non-regenerative adult 

17frog, can cause partial regeneration in some cases* '
This epidermis that forms the apical cap differs 

from typical epidermis* As stated, after amputation,
the wound surface is covered by many layers of migrating 
epidermis* This epidermis becomes thicker (13-15 layers) 
than normal (3—^ layers) and lacks a basal membrane 
and adepidermal reticulum* The significance of these 
differences can be seen as it is possible that this 
epidermis is the route for excretion of cellular debris 
from the blastema* Thornton has proved that nerves do 
not usually enter nor have to enter epidermis for growth 
to occur* It has been postulated that possibly the

^"Regeneration of X-rayed Salamander Limbs 
Provided with Normal Epidermis," Science* CXXII (November 25, 1955), 1018*

17Ibld*. p* 1019.
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18nerve can influence the apical cap from a distance.
Of interest is the fact that the epidermal cap always 
forms opposite the cut end of the larger nerves (sciatic 
or brachial).

The blastema forms between the nerves and the 
apical cap and these form the limits of the migrating 
blastema cells. The formation of the blastema follows 
the dedifferentiation theory, i.e. it forms from all 
tissues at the wound site. It is evident that there 
is an essential relation between the epidermis and 
blastema, but it is thought that all cells, not just 
the epidermis, in the immediate area contribute to the 
blastema by dedifferentiation. Removal of part of 
the blastema results in no deficiencies and if the 
blastema is split or added to, only one limb results. 
Recent experiments show that one major source of 
blastema cells come from the pelvic area. The abdominal 
muscles and ilium also contribute some cells. The 
important feature seems to be, however, the close assocl- 
ation that forms between the nerves and the blastema 
cells.

The nervous tissue plays a definite role in the 
regeneration pattern. Even if the blastema and epidermal 
cap form, if the nerve is not present the stump becomes

*18Richard L. Diswan and Marcus Singer, "Limb 
Regeneration Without Innervation of the Apical Epidermis 
in the Adult Newt, Triturus,” Journal of Experimental Zoology. LXXXXIV (July, I960), 105.

19Van Stone, op. cit.. p. 355.
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insensitive, paralyzed, and regeneration stops* If
the nerve is then allowed to grow into a blastema,
once again regeneration can be resumed* By cutting
a major nerve and bringing it to the surface of the
limb, a superaumary limb can be induced to form* The
preceding information coupled with the fact that frog
tadpoles possess regenerative power while the adults
do not, has led to the suggestion that there is a
threshold limit of nerves necessary for regeneration*

20Many experiments have been done along this line*
Some of the experiments have been done to compare

the larva and the adult frog* From the evidence put 
forth, it is suggested that the threshold in larva 
forms is less than the adults* In the larva form, nerve 
5, the smallest nerve, alone caused regeneration* But 
in the adult, nerve 5 alone cannot induce regrowth*
This leaves open the possibility that nerve 5 is enough 
in the larva form because it has less area to innervate, 
the adult possessing more of an area. To study this 
idea, the following data was obtained from animal studies:

Larger animals 1641 + 212*8
27.4 ♦ 4.8

Smaller animals 1312 ♦ 372.747.6 ■F 5.9
Larval limb of frog 611 ♦ 134.8

75.5 ▼ 12*2
Adult frog 27.7 + 10.37

20 "Regeneration, Vertebrates", The Encyclopedia of 
the Biological Sciences. (1961), p. 868.
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From this information the larval limbs possess many-
more fibers for the soft tissue (excludes bone) than
other animals* When growth occurs, especially for
larger animals, the area of soft tissue expands, but
the nerves do not increase in the same manner* The
larval form, therefore, needs a much less supply;
sometimes only a few motor nerves need be present for 

21regeneration*
Another experiment involving this threshold idea 

was tested* In the frog larva only 1/3 to 1/2 of 
normal nerve supply was needed to bring about regener
ation* In higher animals such as the mouse or lizard 
the regeneration threshold is not attained, a higher 
threshold than the larva may even be present* The 
lizard with nerve augmentation, however, can bring 
about some degree of regrowth and regeneration* Most 
non-regenerative groups lose their ability for 
regeneration during metamorphosis* There are three 
theories which deal with this loss and the change of 
nerve-tissue relations* First, decrease in nervous 
to non-nervous tissue ratio* Second, potency of 
individual fibers is lost as nervous agents of growth
decline* Third, tissue loses its competence to respond 

22to nerves*

21 Annie Peadon and Marcus Singer, "A Quantitative 
Study of Forelimb Innervation in Relation to Regenerative 
Capacity," Journal of Experimental Zoology* CLIX (August, 1965), pp. 337-3^3•

22Marcus Singer and Karol Rzebak, "Limb Regeneration 
and Nerve Fiber Numbers in Rana sylvatica and Xenopus laevis.» Journal of Experimental Zoology, CLXII (June, 1966), 157—



All experiments seem to favor the theory that 
the nervous to son-nervous tissue ratio is upset* Xn 
both Xenopus and Hymenodurus these anurans retain their
power to regenerate as adults* If nerves are removed,
regrowth is prevented and if nerves are augmented,
regrowth is improved* Because of this ability, the
nerves of Xenopus were compared to the same values for
the adult frog Rana* The following results were
obtained by magnification to 900x, and using the 1/3
of the cross-sectional area:

Rana aylvatica 4014 nerve fibers
Xenopus laevls 4931 nerve fibers

This is a 20$ difference*
Bona 1*8 per (100 micron) area
Xenopus 2.6 per (100 micron) area

This is a 30$ difference.23 
From this evidence, we can conclude that the

threshold for regeneration is between 1*8 and 2*6 
fibers per (100 micron) area* This would also give 
some explanation as to why the adult frog can get 
regeneration of an upper limb, if it is augmented with 
the sciatic nexve from the leg* In comparing these 
values of the threshold to values for other animals, 
however, we run into problems* The following is the 
fiber count per (100 micron)2 for some other common 
animals:

23Ibid*. p. 16*
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Triturns (salamander) 
Anolis (lizard)
Mgs (mouse)
Xenopus
Rana

24.5 fibers 
12.3 fibers
4.0 fibers 
2.6 fibers 
1.8 fibers

Vith this information our threshold values do not hold. 
A decline in quantitative innervation doesn’t mean that 
non-regeneration follows the same pattern. If we 
doubled the innervation of Rana. we would get regener
ation, but this would still be below the mouse value 
where there is no regrowth.

Those results deny the direct relation between
the quantity of nerves present and the power to
regenerate. But still the nerves have some effect,
as is shown by the fact that denervation causes
regeneration to stop. To this problem, there are
several ideas and proposals to solve the problem.
One theory says that possibly the tissue of the
anuran is more able to respond to the nerve influence
than the other vertebrates. There is much more
specialisation of tissues as one proceeds up the
evolutionary sequence. This means that there would
be different threshold values for different animals.
Another proposal compares the axon nerve thickness
of the different animals. Anurans have axons that
are thicker than the other forms. Xenopus has the
largest neuroaxons, followed by Rana next. Therefore,
a smaller population of nerves could control or 
influence the same area of tissue. (Figure 4)

Ibid., pp. 17-19.24
-20-
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Fig. 2 Drawings of silvered cross-sections through brachial nerves of four vertebrates to compare 
axon diameters. Note that the nerve fibers of Xenopus are generally very large and surpass those 
of other vertebrates. The fibers of Hana (not depicted) are next in size and those of the mouse 
are generally the smallest. Drawn at approximately 100 X by Leah H. Singer.

The larger nerves could transport more of an agent for 
growth in the larger fibers. The most favored nerve 
agent along this line is chemical in nature, although 
this has not been found or proven.

At the amputation surface, the nerve loses its 
myelination and branches into finer and finer fibers. 
The fibers invade the blastema and the Schwann cells 
follow but do not envelop the axon. The individual 
axons have mitochondria, no ribosomes, and vary in 
length from 100-200A°. The mesenchymous cells have 
numerous cytoplasmic processes and large nuclei. The 
nerve fibers come close to these cells and a bulbous 
end from the nerve usually lies very close to the 
mesenchymous cells. Early cell division is initiated

21-



or effected by this contact and where the innervation 
is the heaviest, the growth is most rapid.It is 
not clear what is the exact influence of the nerves.

Further evidence has recently been obtained from 
experiments with frogs. The frog legs were amputated 
at three levels (shank, thigh, and pelvic area). These 
areas and regenerative capacity were then compared 
with the developing mental stages of the frog in 
metamorphosis as shown in Figure 4.

25M. M. Salpeter, "Disposition of Nerve Fibers in 
the Regenerating Limb of Adult Newt, Triturus, Journal of Morphology, CXVII, No. 2 (1965), pp. 261-208.

22
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For the thigh amputees for stages IX to XIV, there is 
increasing loss of regeneration until 100% loss at 
stage XIV. For the shank, at stage IX the regenerative 
loss is 17.2% and this drops to 4.9% at XIII. This 
then rises to 100% loss at stage XVIII before leveling 
off. The shank, therefore, retains its regenerative 
power until a later stage than the thigh. This fact 
proves very extraordinary. For the thigh, when the 
nerves are counted, the thigh has its greatest 
regenerative loss when the total fibers increase.
From stage VI to XIII the nerve number per unit area 
of amputation is 50 to 55* This then declines abruptly 
to between 32.6 and 34.4 during stages XV and XVI.
Since the regenerative power for the thigh is lost in 
a decreasing fashion, most of the power is lost when 
there is no nerve decline. The shank, however, shows 
some correlation. For stages VI to XIII the nerve 
fibers per unit area rise from 52.3 to 84.4. This 
then drops to 53*7 at stage XVI. The loss of regener
ative potential between stages XIII and XVIII then 
accompanies this drop in nerve fibers. If this decline 
in nerve number is related to the regenerative 
potential, the threshold value of fibers must be 
reached around stage XIII or XIV. To prove this, a 
small nerve was cut on the right limb of an animal and 
then both the right and left limbs of the animal were

Janes Van Stone, "Relationship of Nerve Number 
to Regenerative Capacity in the Developing Hind Limb 
of Rana sylvatica." Journal of Exp, Zoology. CLV (April, 1964), pp. 293-297♦
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amputated. For the left side, 80% of animals regenerated 
a limb, on the right side only 30% regenerated. This 
would seem to support the correlation between nerves
and it would also indicate that the threshold limits
are 75.8 and 53*6 as this is the nerve fiber number
per unit area at stage XIV. To get a more accurate
threshold we could use the mean value and get a
number of 59* ox* could compare regeneration of right
limb to number of fibers in left limb. In obtaining
this second value, the number of 67 fibers gives 89*5% 
regeneration and 63*3 fibers gives 9^.7% non-regeneration.
To be sure, for the new threshold values, we would say 
they are 59 as the low and 67 as the high.

By using these values of 59 and 67* the following 
results are obtained in test animals*

a) in stages VI to VIII the thigh and shank yield 
100% regenerates but values of fibers are below 
threshold;

b) in stages IX and X there is increased non- 
regenerative ability and stages are lower than 
threshold values;

c) numbers of fibers for thigh is below threshold 
in all stages;

d) after stage X, ability to regenerate can be
27explained in terms of stated threshold requirements.'

27Ibid., pp. 298-299.



From these statements, it is clear that saying regener
ation is related to nerve fibers directly is not an 
accurate explanation* Younger limbs regenerate 
easily despite sub-threshold values* It is interesting 
that stages VIII to X are a period of histiogenesis 
spreading from thigh to the more distal parts. This 
would suggest that tissues other than nerves have 
some influence on regeneration* These tissues could 
possibly produce a growth-prorooting substance that 
could influence neural results. Embryonic tissue has 
no nerves, and here the enzyme activity plays an 
important role. As this activity of enzymes is lowered, 
the nerves then could play an increasingly important 
role. If these assumptions are true, then regeneration 
depends on:

1) strength of neural influence present;
2) strength of non-neural influence that remains;
3) capacity of tissue (non-neural) to respond to 

first two factors (statements 1 and 2).
In the frog, these assumptions seem to be followed 
as there is period below threshold followed by a 
period where threshold values hold. During histio
genesis also the thigh and shank would have different

28values. It can be stated then that the exact
influence of the nervous tissue is not known. Experi
ments with dye tracings have led to further evidence 
of nerve and blastema relationships.

Ibid., pp. 300-301.
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IV

As was stated, blastema growth is greatest near 
the nerve trunks. To trace this movement and growth 
nile blue sulfate was used to stain the mesenchyme 
cells. The dye was placed in five positions: center, 
dorsal, ventral, anterior, and posterior areas as in 
this diagram of a cross-section.

This dye is electropositive and possesses an affinity 
for embryonic cells and for epithelium. The dye, 
after being administered, lasts for at least six days 
and as the upper limit three to four weeks. The 
length of duration is inversely comparable to the 
amount of movement of cells. The area just proximate 
to the regeneration area remained stained throughout 
the experiments. In the dorsal region, the mesenchyme 
stained cells moved only slightly. The only place that 
showed some degree of spreading was towards the center 
area. The anterior moved slightly until the medium 
bud stage. The majority of the anterior dye after 
this time did not move at all from its position. The
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neutral area had many particles which moved distally 
depending on and paralleling the regenerative enlarge
ment. The dye had a tendency to fade indicating a 
great or rapid proliferation. In the posterior 
section, it also spread distally until the medium bud 
stage or the digital stage. There was also rapid 
fading of the dye in this area. The central region 
showed the greatest movement of cells as they moved 
distally and into the dorsal and anterior regions.
Some areas were stained overlapping anterior and 
ventral regions. This area then showed some spread 
distally. If the whole area was stained except the
anterior and dorsal, the dye faded quickly because of 

29mitosis.
The dye also was placed in the epithelium. This 

showed evidence that cellular debris, wandering cells, 
particulate matter, and fluid was in continuous move
ment and phagocytized by this thickened epidermis.
This dye also had an affinity for the Schwann cells.
This showed that most of the nerves are located in 
posterior and ventral sections accounting for the 
preceding observations. If the nerves were transplanted 
to the dorsal and anterior, then stained, they showed

29Marcus Singer, Eva Ray, and Annie Peadon,
"Regional Growth Differences in the Early Regenerate 
of the Adult Newt, Triturus viridescens," Folia Bjologica (Krakow), XII, No. 3 (l964), pp. 347-353.
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a characteristic streaking of the dye in this area.
This seems to offer support to the nerve growth 
relationship. Whenever the nerve was deviated, 
often the digits did not form or the rotation was 
wrong because the elbow formed abnormally. The 
nervous tissue may not affect directly, but it does 
have a profound and striking action on the new 
regenerate. Because the dye just proximate to the 
amputation surface does not fade, the blastema 
receives little help from this area. Once the 
blastema is formed, dedifferentiation of old tissues 
is supressed.30

The nervous action is not known exactly, but 
the idea that the non-nervous tissue has some effect, 
has led to many experiments. The effect of enzymes 
has especially been questioned. The early blastema 
receives most of its energy from sources other than 
the normal Kreb Cycle. There is an increase in lactic 
dehydrogenase suggesting that lactic acid is produced 
by pyruvate reduction. To run a thorough test on the 
enzyme activity of intermediary metabolism and glycogen 
synthesis the following was added:

l) reduced diphosphopyridine nucleotide (DPNH) 
for DPNH diaphorase*

30Ibid., pp. 353-358.

-28-



2) reduced triphosphopyridine nucleotide (TPNH) 
for TPNH diaphorase,

3) dipotassium salt of glucose-6-phosphate and 
triphosphopyridine nucleotide (TPN) for 
glucose-6-phosphate dehydrogenase,

4) sodium lactate and diphosphopyridine nucleotide 
(DPN) for lactic dehydrogenase,

5) sodium succinate for succinic dehydrogenase,
6) sodium-l-malate for malic dehydrogenase,
7) trisodium dl-isocitrate for isocitric dehydrogenase.1 

These enzymatic relations are shown in figure 6 on the 
following page. The activity of these oxidative
enzymes produces blue particles of diformayan at the 
site of the reaction. The oxidative enzyme is localized 
in cytoplasm and by the diformayan presence the 
activities of the certain enzymes can be determined.
In skeletal muscles dedifferentiation and rediffer
entiation were obvious because of changes in the 
striations. All the oxidative enzymes were strong, 
except TPNH diaphorase and glucose-6-phosphate dehydrogen
ase. The diformayan granules usually arranged themselves 
in longitudinal rows between the myofibrils. As the 
muscle fibers beneath the apical cap began to form the 
blastema cells, alterations in the distribution of 
oxidative enzymes was evidenced by the loss of the

31 Richard Cohen and Hubert Volfe, "Histochemical 
Studies on the Regenerating Urodele Limb," Developmental 
Biology, VIII, No. 1 (1963), pp. 49-50.
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orderly arrangement. As these mature muscles dediffer- 
entlated, there was an In Increase in the glucose-6- 
phosphate dehydrogenase and the TPNH diaphorase enzyme 
systems. This increase was paralleled by an accompanying 
loss of activity by isocitric and succinic dehydrogenase. 
Otherwise, the blastema cells showed the other character
istic metabolic activity. By the fourth to fifth post- 
amputative week, these enzyme systems reversed back 
to the original pattern. The glucose-6-phosphate 
dehydrogenase, however, was kept into the sixth post- 
amputative week. The glycogen and glycogenic enzymes 
were also present and active in mature muscle cells. 
Twenty-four hours after the amputation there was a 
marked diminution of glycogen stores and the glycogenic 
enzyme activity. In the cytoplasm of the blastema 
cells, once they formed, a little glycogen was present 
and there appeared no glycogenic enzyme activity.

The normal epidermis shows DPNH and TPNH diaphorase, 
glucose-6-phosphate dehydrogenase, and lactic, succinic, 
malic, and isocitric dehydrogenase. The apical cap 
showed this same characteristic pattern after amputation. 
The only change concerned the presence of glycogen in 
the apical c&p, while this is absent or rare in adult 
or mature epidermis.

The bone and cartilage tissue following amputation 
showed increase in most of the enzyme systems especially 
glucose-6-phosphate dehydrogenase. The cartilage was 
the first tissue to differentiate, and by three to five
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weeks all systems were active except succinic
dehydrogenase. At the very midpoint of the humerus, 
radius, and ulna, there was an intense isocitric 
dehydrogenase activity.

The nervous tissue is normally very weak or
limited in all enzyme systems except glucose-6-phosphate
dehydrogenase. Six days after amputation, all enzyme
systems showed some evidence of a presence of increase.
The nerves reacted negatively, however, to glycogenic
systems. The fibrous connective tissue followed the
same pattern as the nervous tissue. Some of these
cells even developed a blastema-like pattern of cellular 

32appearance.
Prom all this evidence, it is clear that enzymatic 

activity undergoes definite changes during regeneration. 
The blastema cells regardless of their origin behave 
as a homogenous mass. Glucose-6-phosphate, which 
shows an Increase in all tissue, catalyzes the initial 
steps in the pentose shunt pathway. This enzyme 
system would suggest that carbohydrate metabolism 
is important in dedifferentiation. An important 
metabolic product of this pathway is ribose phosphate 
which is essential for nucleic acid production.
There could possibly be some connection here to the 
transfer of genetic information. With the onset of 
glucose-6-phosphate degydrogenaae, there is an increase

32Ibld., pp. 51-59.
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in deoxyribonucleic acid (DNA), ribonucleic acid (RNA),
and protein synthesis. It is of interest that Stentor,
a protozoan, in its regenerative sequence also needs 

33a carbohydrate reserve available.
The noted enzyme changes have a possible relation

to the vascular system found in salamanders. For the 
normal salamander limb, the subclavian leaves the
aorta and branches in the axilla into the brachialis
artery. This vessel branches, the main one being the 
interossea artery, between the ulna and radius* About 
three days after amputation of the humerus, two or 
three fine branches start into the amputated end.
These branches do not come from main vessels and they 
have a tendency to stay closely allied to the bone 
tissue. By six or seven days these sprouts reach the 
end of the humerus and a number of anastomoses appear. 
Regular tissue covers the blood vessel* by the tenth 
to fourteenth day, and although concentrated, the 
blood vessels do not penetrate the blastema. It is 
not until the advanced early stage, when regeneration 
is rapid, that invasion by blood vessels is greatly 
increased. Vascularization then occurs at this time 
to a great extent. In the medium bud stage the first 
cartilage forms while being only slightly vascularized. 
By the moderate late and late bud stages, the vessels 
form into main channels and assume the normal patterns.

33Ibid.. pp. 60-64.
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During the palette and early digital there is more 
34consolidation of the major arteries and veins.

Normal epidermis contains a rich supply of
subepidermal vessels, but this is not true of the 
apical cap or blastema of a regenerate until the medium 
bud stage. This vascularization strongly resembles 
embryonic development except that in regeneration 
branches of smaller vessels form before the larger 
ones do. Relating this information on blood vessels 
to the enzymatic activity, there appears to be some 
relationship as changes occur at about the same time.
In early regeneration the Krebs cycle doesn't operate, 
but glucose-6-phosphate dehydrogenase and laetic 
dehydrogenase are active. This is characteristic of 
anaerobic oxidation of pyruvate to lactic acid as no 
blood supply for aerobic oxidation is present. As 
the vascularization increases at the late bud stages, 
the isocitrie and succinic dehydrogenase systems 
return to operation. This information would suggest 
that there is a physiological and a physical block 
between the old and regenerating tissue. This infor
mation would add some support to the influence of
non-neural and neural components, both playing a part 

35in regeneration.
34Singer and Peadon, Journal of Morphology, op. cit., 

pp. 81-84.
^ihld.. pp. 86-88.
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Another factor that must he considered in
regeneration of a non-neural nature is hormones.
Because regeneration is a type of growth and develop
ment* hormones would be expected to have some influence.
The pituitary gland* when removed* inhibits the first 
phases of regeneration. A few experimenters say that 
it plays a role in the initiation of regeneration.
The thyroid gland when removed (hypothyroidism) also 
influences the early regenerate. Experiments have 
shown that thyroxine from this gland is an accelerating 
force, especially the blastema formation.

Considering that somatotrophic or growth hormones 
should be necessary for regeneration* this idea was 
used to make experiments on limb regrowth. Somatotrophin (r) 

was prepared consisting of the growth hormone plus the 
thyroid stimulating hormone. The somatotrophic hormone 
composed 80% of the mixture and the thyrotrophic 
hormone composed 20%. Animals that received R dosages 
had normal regeneration although the epidermis was 
three to five cells thicker than normal. If the 
animals used R fifteen days after amputation* regeneration 
was normal if the fifteen day difference was allowed. 
Following the removal of R by hypophysectomy, the 
regenerative ability was lost. Therefore, growth 
hormones also have an effect on the regeneration process.

J "Regeneration*" McGraw-Hill Encyclopedia of Science 
and Technology, op. cit.. p. 423. " g' *"

37James A. Wilkerson, "Role of Growth Hormones in 
Regeneration of the Forelimb of Hypophysectomized Newt," 
Journal of Experimental Zoology* CLIV (November, 1963), 
pp. 223-229.



V

Another aspect of regeneration includes the effect 
of transplants and the regrowth process. Kidney 
tissue from the frog Rana was used as the graft and 
the common newt was the host. The kidney material 
was divided into three groups t

1) kidney boiled in .6% saline for ten minutes;
2) kidney lyophilized for fifteen hours;
3) homogenate of kidney kept in area of transplant 

by gelform (sponge-like).
These three groups of kidney transplants were then 
grafted on the right side of the animal; the left 
side had plain pieces of kidney. The results from the 
control kidney showed supernumary growth in 96% of the 
limbs, while no growth occurred with the boiled implants. 
In fact, a complete loss of any trace of the boiled 
transplants resulted. The lyophilized kidney exceeded 
normal kidney growth giving results of 94.7% to 89.5% 
in supernumary limbs. The homogenate alone had 62.5% 
supernumary growth and 93.7% showed some growth 
response such as cartilage formation. From these 
results, one would conclude that kidney implant 
itself doesn't make regeneration because boiled 
kidney didn't work. There could be three reasons why 
this kidney-type did not work: a) thermal inactivation
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of any stimulatory agent if present, b) loss of active
tissue component into the boiling medium, and c) a more
rapid breakdown in implanted tissue caused by boiling.
The possibility that the implant itself contributes
is ruled out by the lyophilized implants. The evidence
would seen to support the idea that there is an
intrinsic property, possibly chemical, in the frog 

38kidney tissue that gives an inductive ability.
Supernumary limbs have also been produced by 

ligatures, deviation of nerves, severe internal 
damage, carcinogeus, x-radiation, ultra-violet 
irradiation, and grafts. The most effective stimulant 
is the frog kidney transplants. To better understand 
this a histological study will show exactly how trans
plants react. Two days after the implant the would 
is closed by epithelium. For 10-20 days the area is 
very red and by 30 days a swelling denotes the presence 
of the blastema. By about 120 days, the fingers form 
and the supernumary limb is complete. Histologically, 
within twenty minutes after the implantation, blood 
cells clump aroun the dermis between "the dermis and 
underlying muscle tissues. On the first day the epi
dermis migrates in sheets to close the wound. By 
five days this epidermis is 13-15 layers thick but 
contains no dermis, basement membrane, or subcutaneous

Bruce M. Carlson and Charles F. Morgan, "Studies 
on the Mechanism of Implant-induced Supernumary Limb 
Formation in Urodeles," Journal of Experimental Zoology, CLXIV (March, 1967), pp. 2^3-248.
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glands. Some Inflammatory cells, macrophage, and 
fibroblast cells are present in the implant area.
The implant itself shows signs of degeneration as a 
very few cells from the host have invaded it. By ten 
days, wound epidermis is still thick and has no basement 
membrane. The tubules of the kidney are now degener
ated and infiltrated by macrophage. The first sign 
of dedifferentiating cells is seen in the muscle 
cells near the implant. By twenty-one days the implant 
is completely degenerated and heavily infiltrated 
by blastema cells. Activity by the bone cells shows 
a change in the periosteum. Some of these look like 
fibroblast or blastema cells. By twenty-seven days 
the aggregation of ilastema cells has progressed until 
a central area forms. Secretions of cartilaginous 
matrix by the periosteal cells also eventually form a 
cartilaginous cuff completely surrounding or encircling 
the bone. By thirty-eight days the dedifferentiation 
of cells within the blastema is started yielding first 
cartilage cells. Superaumary growth is shown by two 
nodular bases, sending rod-like extensions into the 
skin. The blastema cells orient themselves parallel 
to these rod-like extensions of epidermis. Between 
the base of this cartilage and the muscles of the host, 
Malphigian corpuscles are the only remnants of the 
implant* Over the tip of the rods the thicker epidermis

39Ibid., pp. 227-230
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continues and a dermis with some sebaceous glands
continues to differentiate. By 48 days the differ
entiation of cartilage is well under way. Cells parallel 
to the rods have taken on a cartilaginous nature
and those at the base are mature, typical perichondrial 
cells. By 63 days the cartilage is not differentiating, 
but maturing. Sheets of developing muscle cells are 
forming and striations are beginning to appear in 
these. These new muscles extend from the new cartilage 
and there is no apparent connection to the old cartilage 
or muscles. In the days following this maturation 
continues and terminal structures develop. There is 
a striking similarity between supernumary limb
formation and normal limb regeneration. The importance
of the regenerative apical cap is shown by its ability
to produce accessory limbs on normal animals. The
bone and periosteum follow the same time sequence in
both regeneration and implant regrowth. It is of
interest that in lower vertebrates especially rats,

40fracture-healing follows this same sequence.
It was mentioned that x-radiation could also

cause supernumary limb formation. X-radiation has 
also led to many other discoveries in the regenerative 
process. Auto or self grafts of newts and irradiation 
combinations have been used. Upper arms of newts were 
x-irradiated and sixty day forearm regenerates were

*°Ibid., pp. 230-233.
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transplanted in the amputated arms. This caused
regeneration in which 92% yielded two digits and 8% 
yielded three to four digits. The cells of the graft
make a contribution to the cells of the blastema
thus explaining why only 12% of non-autograft, irradiated 
arms regenerated. Other tests were made concerning 
un-irradiated and irradiated grafts on un-irradiated 
and irradiated arm hosts. Fifty-five percent of the 
irradiated autografts implanted into irradiated upper 
arm stumps showed some signs of growth by twenty days. 
Thirty-seven percent of these had circulation, but 
orientation of grafts was completely gone.
Ninety percent of normal grafts and normal limbs were 
present by twenty-five days and all had circulation. 
Sixty-two and five tenths percent of these had original 
orientation and twenty-five percent had an uncertain 
orientation. Of the un-irradiated grafts
and irradiated stumps sixty percent were vascularized 
and fifty-two and five tenths percent retained their 
orientation. Over all, the un-irradiated grafts and 
un-irradiated arms formed regenerates ranging from 
bulb blastema stage to palette stage. Only a few 
of the irradiated grafts had a small blastema. The 
irradiated limbs and un-irradiated grafts had bulb to 
early palette stage and some were more advanced than 
un-irradiated pairs. Here can be seen the fact that 
the un-irradiated graft has a profound effect on
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4iirradiated limbs. This again suggests that the 
small transplanted graft contains some essential 
component or at least an essential prerequisite to 
regeneration.

One of the more important aspects of regeneration 
concerns the idea of cancer. Cancerous tissues are 
actually tissues that have escaped or are not affected 
by growth-controlling agents in the body. These agents 
are called individuation fields. Because amphibians 
can mold most material into a limb, could they mold 
cancer tissue also into limbs? To test this idea 
experimentally, amphibian newts with melanotic 
formations were used. These formations originate 
just under the epithelium. They are polymorphic 
cells ranging from normal looking thickly blanched 
melanophores to round black cells. The cells responsible 
for the normal pigmentation are camoulflaged by melanotic 
cells. Experiments show that tumor cells under the 
influence of the regenerative process sometimes do 
become normal. In the test, a tumor completely covered 
the whole tail width of a new tail. After amputation 
the tail regrew, thus showing that everything necessary 
for normal regeneration was present in the tumor area. 
This coupled with the fact that a newt limb can also 
regenerate if a little patch is protected when the

41 Benjamin D. Stinson, "Response of X-irradiated 
Limbs of Adult Urodeles to Normal Tissue Grafts,"
Journal of Experimental Zoology, CLVI (June, 1964), 
pp. 1-9.

-4l-



entire limb is x-rayed. From this experiment, tumor
cells are shown to be inhibited and even reconverted
to normal cells by the regenerative process. Further
experiments could lead to much understanding of cancer
cells, and a possible cure that would work in 

42vertebrates, including man.
The ideas and aspects of regeneration are not 

fully understood, but they are continually being 
improved, tested, experimented, and maybe one day 
they will be completely mastered. From my paper,
I hope that a better understanding of regeneration 
is realized. Most of the emphasis of regeneration 
in the past has been on the role and importance of 
the nervous tissue. X believe that more attention 
must be paid to the other aspects of the surrounding 
and participating tissues, hormones, and chemicals.
The following table will summarize the non-neural 
influences on the regenerative process:

Epidermis — necessary for regeneration, is 
abnormally thick.

Blastema — cells differentiate from this mass, 
a necessary prerequisite before regener
ation can start.

Enzymes -- in embryonic development enzymes 
control differentiation, enzyme systems 
change during regenerative process.

42E. A. Sherametieva, "Spontaneous Melanoma in 
Regenerating Tails of Axolotls," Journal of 
Experimental Zoology, CLVIII (February, 1965). pp. 101-110
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Vascularization — changes during regeneration 
and also shows some differences from
embryonic development*

Hormones — needed before regeneration can take 
place* effect is that of speeding up and 
slowing down the process*

Implants — cause supernumary limbs without a 
direct nerve influence.

This summary shows that nervous tissue alone does
not bring about regeneration* The nervous tissue
is important* however* and its effect and importance
must also be understood. As animals proceed up the
evolutionary ladder, more and more complications
and specializations take place* These changes do
not occur in just the nervous system* but also in
the other components of the body. Regeneration is
limited in higher animals and maybe this specialization
is one main reason. To unleash the potentiality of
cells, then* we must turn to the components of the
body that have undergone changes. This is where the
problem of regeneration could be hidden and in this
area a much deeper understanding must be attained. 

*****
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