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CHAPTER I 

HISTORICAL REVIEW AND INTRODUCTION 

If there were no regeneration, there would be no life. 

If everything regenerated, there would be no death. All 

organisms exist between these two extremes. Other factors 

being equal, regenerative forms tend tov/ard the latter end 

of the spectrum, never quite achieving immortality—a pro-

cess inappropriate with reproduction. 

With variable efficiency all living things synthesize 

molecules and make new cells. Living forms can heal wounds, 

renew tissues, indulge in compensatory hypertrophy, and 

reproduce. So important are these phenomena that they have 

undergone little or no decline in the course of evolution 

(Needham, 1961) . 

However, regeneration, or the capacity to restore 

substantial parts of the body, has declined. Cells must 

be assembled into tissues and tissues into organs, to assure 

workability of the newly organized products. Higher organ-

isms often have not retained the regenerative capacities 

of their ancestors, suggesting that the strategy of evolu-

tion has been to select against regeneration. All too 

frequently, and notably in mammals, large excisions of 



tissue are not reconstituted; they are replaced by a fibro-

cellular cicatrix. This selection may imply that other 

advantages of greater importance have been gained in the 

bargain. We can only speculate as to the nature of these 

advantages which have spurred the success of highly evolved, 

nonregenerating animals. 

As for its usefulness in reproduction, regeneration 

may be attuned to the continuity of species among inverte-

brates (e.g., coelenterates), but it does not play any 

obvious role in the reproductive mechanisms in vertebrates. 

There is the possibility, discussed by Schotte (1939) , that 

regeneration is a recapitulation of developmental processes, 

progressively restricted by age or increasing differentia-

tive specialization. 

In successful regeneration, a utilitarian imperative 

assures that developmental efforts shall not be expended 

in the production of useless structures. Therefore regen-

eration may be regarded primarily as a device whereby func-

tional competence is recovered. Morphological restitution 

is only a means to this end (Barr, 1964). 

In epimorphic regeneration, the replacement of miss-

ing structures involves extensive cellular recruitment. 

Not only reproduction, but also assembly of parts in pre-

cisely the correct spatial relationships must occur to give 

rise to a reasonable replica of the original form. The 



mechanisms of morphogenesis, therefore, may leave nothing 

to chance. The number, size, orientation and polarity of 

the regenerate must coincide with the characteristics of 

the stump, and with structural completion, growth must 

cease. The precision of this development reflects the 

orderly communication of information to the blastema from 

the stump, although the language of these messages remains 

to be deciphered (Hay, 1966). 

Presumably the loss of regenerative ability has as 

its basis a genetic mutation. If an essential gene is 

missing completely, its artificial or natural replacement 

will probably not occur. If it is simply masked, the pos-

sibility of artificial activation is not inconceivable. 

In the event that the loss of regeneration might be due to 

the presence of a gene serving to block renewed development, 

inactivation of that part of the DNA or its product could 

possibly remove the inhibition. 

Supposedly, there exists no gene for regeneration 

even though regenerative capacity appears to have been sub-

jected to natural selection. It seems that regeneration 

is not necessarily adaptive, but that it disappeared or 

persisted as other more important physiological attributes 

evolved (Barr, 1964). Hence, before any intelligent attempt 

can be made to restore regeneration, one must recognize the 

physiological advantages which took precedence over regen-

eration in the course of natural selection. Only then can 



one decide if the gain was worth the loss, and if the loss 

may be regained. 

Several attempts have been made to improve or restore 

the process of repair and regeneration among vertebrates 

by biological as well as nonspecific means. For example, 

increasing the nerve population in the amputated limb of 

metamorphosed frogs successfully restored the regenerative 

capacity of an otherwise nonregenerating system. These 

experiments are based on earlier studies wherein Singer 

(1954) had demonstrated the importance of the ratio of 

nerves to the area of the amputational surface in regen-

eration of the adult newt. The effects of temperature on 

regeneration in axolotls were studied extensively by Ellis 

(1909). The most suitable temperature for regeneration 

ranges between 18°C and 27°C, the rate increasing with the 

temperature within this range. Yet no common denominator 

has been found for all vertebrates. 

Repair and regeneration processes have been promoted 

by the administration of tissue powders, homogenates, 

extracts, and transplants. The repair of cutaneous wounds 

in mammals has improved both in increased rate of wound 

closure and tensile strength by the application of carti-

lage powders, saline extracts and ascorbic acid either 

topically or parenterally. Even simple salts such as zinc 

sulfate and sodium chloride appear to promote repair pro-

cesses (Prudden, J. F., et al., 1964). Soluble collagen 



has been found to improve repair processes of laparotomy 

wounds (Grillo, 1964) . The addition of DNA plus DNAase 

(but neither substance alone) has been found to accelerate 

wound repair (Dumont, 1959) . The injection of homogenized 

newborn rat skin is particularly effective in stimulating 

repair activities but homogenates of norm.al or hypertroph-

ing liver, rat dermis, and human adult or embryonic skin 

are of no value. In the absence of stimulation by skin, 

there may be merit in limiting the attribution of inductive 

properties to homologous or very closely relatêd tissues 

(Tier, 196 2) . Transplantation of the regeneration blastema, 

either freshly chopped or desiccated, to pouches in axolotyl 

limbs induced supernumerary growths, some becoming well 

formed, digited extremities. Minces, homogenates and 

extracts of a variety of amphibian and mammalian fresh or 

killed tissues (muscle, skin, liver, testes, spleen, pan-

creas, bone and cartilage) are able to restore regenerative 

processes in X-irradiated axolotyl limbs (Polezhaev, 1959). 

Before assigning nucleic acids, proteins, or other 

substances to absolute regenerative restoration, one should 

recall the early experiments with nonspecific inductors. 

The simple practice of traumatizing the amputational stump 

by piercing it with needles proved sufficient to induce 

regeneration in normally nonregenerating Rana temporaria 

tadpoles in a late premetamorphic stage. Treatment of the 

stump of premetamorphic tadpoles with sodium chloride. 



alcholic iodine, nitric acid, or glucose has been effective 

in regenerative restoration. A general, nonspecific trauma 

was induced in all reported cases, and regeneration-may 

well have been an inductive response to increased avail-

ability of hydrolyzed products of injured cells. Depoly-

merized nuclear debris has been found to be extremely use-

ful in promoting wound repair in mammals. Here, as in 

amphibian regeneration, an "in loco" reservoir of nucleo-

tides would become available to prime and promote synthetic 

activities for nucleic acids (Polezajew, 1946). 

The remarkable effectiveness of many nonrelated sub-

stances for regenerative induction suggests the possibility 

of inherent nonspecific inductive mechanisms. The ability 

to dedifferentiate remaining cells at the amputational 

stump (to serve as a source of the "embryonic blastemal 

cells" capable of maximum mitotic proliferation) seems to . 

be the key to natural epimorphosis in the lower forms and 

may explain the absence of such in the higher mammals. 

One would expect a high premium to be placed on 

resources required for cellular proliferation during the 

time of restoration. Marked dedifferentiation of special-

ized cellular systems is known to occur in response to 

certain proteolytic enzymes such as cathepsin, hyaluroni-

dase, trypsin, papain and collagenase (Hay, 1962). The 

anabolic hormone somatotrophin encourages the retention 

of amino acids and produces hyperglycemia in mammals. 
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Assuming that mammalian limb stump tissue can regenerate 

under certain unknown conditions, the inductive influence 

of these substances serves as a basis for the current study. 



CHAPTER II 

MATERIALS AND METHODS 

Sixteen adult male mice were subjected to unilateral, 

mid-index, digital amputations with sharp scissors under 

slight ether anesthesia. The amputational stump regions 

of the treatment group (10 mice) v/ere immediately treated 

topically with solutions of hyaluronidase and collagenase. 

The topical application was done by gentle swabbing (Table 

1). Subcutaneous injections of growth hormone (G.H. B-16 

bovine, N.I.H.) were performed on the treatment group 

immediately following topical application of the enzyme 

solutions. The pharmacological concentration of growth 

hormone (STH) was prepared with Ringers solution (50.0 ug/ 

0.5 ml) and stored at 3-5°C (Raben, 1959). The topical 

enzyme treatments and injections of STH (0.5 ml/day) were 

maintained once daily for 10 days in all of the treatment 

mice. The 6 control mice received topical treatments and 

injections (0.5 ml) of Ringers solution (sterile) once 

daily for 10 days. All mice were fed Purina Laboratory 

Chow and water ad libitum. 

On day 5 following araputation, samples of stump 

tissue were removed from the treatment and control groups 

and prepared for light microscopy. Soft tissue of the 

8 
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stump was removed with a razor blade and placed in 1.0% 

gluteraldehyde fixative, buffered to pH 7.3 with 0.IM 

sodium cacodylate for 1 hour at 3-5°C. Subsequent fixation 

was performed in osmium tetroxide (Millonig, 1961) for 1 

hour at 3-5°C. Dehydration of the tissue was conducted 

through a series of ethanol concentrations from 70 to 100%. 

Infiltration was performed for 4 8 hours in a mixture of 

100% ethanol and a low viscosity plastic medium (Spurr, 

1969) . Polymerization of the embedded tissue was conducted 

at 70°C for 8 hours in the freshly prepared plastic monomer. 

The material was sectioned longitudinally (1-2 y) 

with an LKB Ultratome III using glass knives. The sections 

were stained with Richardsons stain and mounted in Adams 

Histoclad medium. The color prints were produced with a 

Zeiss brightfield microscope and camera using Kodak 35mm 

High Speed Ektachrome-B film. 

On day 11 following amputation, the stump tissues 

were removed from both groups and prepared identically to 

that described for the 5 day specimens. The embedded tis-

sue of each group was further subdivided to facilitate 

thick and thin sectioning. The thin sections were obtained 

from the cicatricial region with the LKB Ultratome III 

using glass knives. The sections were stained with uranyl 

acetate (25 seconds) and lead citrate (35 seconds). The 

tissue was examined with an Hitachi HS-8 electron micro-

scope. 



CHAPTER III 

RESULTS 

Light Microscopy 

Light microscopy of the 5 day control stump revealed 

the classical morphology found in mammalian wound repair. 

There was an intermediate region of connective tissue 

(cicatrix) between the distal eschar and the proximal 

ordinary connective tissue. The ordinary connective tissue 

appeared to be normal with respect to cellular arrangement 

and staining properties. Eschar formation was well advan-

ced and numerous dark staining nuclei in this region sug-

gested the typical increase in mitotic division. Collagen 

fibers dominated the cicatricial region appearing as long 

thin strands of fibrous protein in linear and convoluted 

arrangements (Figures 1 and 2). 

The 5 day stump region previously treated with 

hyaluronidase, collagenase and somatotrophin is seen in 

Figure 3. Eschar formation was well advanced and the 

extremely dense staining of the nuclei in this region sug-

gested an even greater rate of mitotic division than in 

the controls. Ordinary connective tissue appeared normal 

yet stained less intensely than that of the controls. 

The cicatricial region contained a reduced accumulation 

11 
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Fig. 1—Light micrograph of the control cimputational 
stump 5 days after amputation. The cicatrix (Ci) is cen-
trally located between the proximal connective tissue (CT) 
and the distal eschar (ES). X 200. 

Fig. 2—Light micrograph of the control cicatricial 
region 5 days after amputation. Notice the extensive 
accumulation of collagen fibers (CF) in the region of the 
cicatrix (Ci). Cells of the eschar (ES) demonstrate 
mitotic proliferation. CT, connective tissue. X 450. 
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Fig. 3—Light micrograph of the treated cicatricial 
region 5 days after amputation. An amorphous region (AR) 
exists between the connective tissue (CT) and the eschar 
(ES) . Notice the intense staining of the nuclei of the 
cells in the eschar. X 450. 
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of collagen fibers distal to the connective tissue. A 

wide band (125 y) of rather amorphous material existed in 

the cicatrix between the proximal collagen fibers and the 

distal eschar. 

Light microscopy of the 11 day control stump region 

revealed virtual completion of the repair process. A 

fibrous keratin coat was on the stump surface appearing 

fragmented and very irregular. The coat was supported by 

a thick mature cicatrix (scar) consisting of densely packed 

collagen fibers. Interdigitations (interpapillary pegs) 

of the epidermis were seen clearly overlying the dermis. 

Cells of the ordinary connective tissue were seen in the 

proximal portion of the stump (Figure 4). 

The 11 day treated specimen presented some interest-

ing alterations (Figure 5). The fibrous keratin coat lying 

on the stump surface appeared uniform and free of fragmen-

tation with a profound increase in overall thickness (50 y), 

The cicatrix was present and seemingly continuous but 

greatly reduced in thickness (10-15 y). Epidermal inter-

digitations were less frequent and in most regions, com-

pletely absent. Dermal and ordinary connective tissue 

appeared quite similar to that of the controls. 

Electron Microscopy 

Electron microscopy of the control cicatricial 

regions disclosed the presence of numerous fibroblast cells 
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Fig. 4—Light micrograph of the control amputational 
stump region after wound repair (11 days). Observe the _ 
disrupted keratin (K), the thick collagenous cicatrix (Ci) 
and the interpapillary pegs (IP) of the epidermis (E). 
The dermis (D) and connective tissue (CT) can be seen 
proximally. X 200. 

/ 

Fig. 5 — Light micrograph of the treated amputational 
stump region after wound repair (11 days) . Note the uni-
formity of the keratin (K) on the surface, the reduced 
thickness of the cicatrix (Ci) , the lack of interpapillary 
pegs in the epidermis (E) , and the columnar arrangement of 
the dermal cells (D). X 200. 
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(Figure 6). These cells were slender and fusiform or stel-

late in appearance v/ith large nuclei and basophilic cyto-

plasms. Extensive accumulations of collagen fibers v/ere 

evident in the extracellular matrix appearing as uniform 

strands of the fibrous protein. Essentially no other major 

cell type was seen in this region. 

Fine structure of the treated cicatricial regions 

exemplified several marked effects. The fibroblast nuclei 

appeared to be less elongate than those in the controls 

(Figure 7). The membranes of the rough endoplasmic reticu-

lum seemed to be greatly dilated but remained intact and 

closely surrounded the mitochondria (Figures 8 and 9). 

Collagen fibers were much less numerous and lacked uniform 

arrangement. Fragmentation of the fibers occurred fre-

quently and they seldom appeared continuous for distances 

greater than 10 y (Figure 10) . 
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Fig. 6—Electron micrograph of the cicatricial 
region of a control specimen after wound repair (11 days) 
Note the elongate appearance of the fibroblast nuclei 
(FN) and the extensive accuraulation of mature collagen 
fibers (CF) extracellularly. X 12,500. 
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Fig. 7—Electron micrograph of a fibroblast cell 
taken from the cicatricial region of a treated specimen 
after wound repair (11 days). Note the lack of nuclear 
elongation. N, nucleus; Ch, chromatin; NE, nuclear envelop; 
M, mitochondrion; RER, rough endoplasmic reticulum. 
X 20,000. 

/* 
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Fig. 8—Electron micrograph of a fibroblast taken 
from the cicatricial region of a treated specimen after 
wound repair. Note the extreme dilation of the rough 
endoplasmic reticulum (RER) surrounding the mitochondria 
(M) . N, nucleus; IM, intercellular matrix. X 20,000. 
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Fig. 9--Electron micrograph of a fibroblast taken 
from the cicatricial region of a treated specimen after 
wound repair. Note the extreme dilation of the rough 
endoplasmic reticulum (RER) surrounding the mitochondria 
(M) . N, nucleus; IM, intercellular matrix; G, Golgi 
complex. X 20,000. 

/^ 



27 

r 1 

! 

í - ' ^ . - V ^ - ' ^ * ••••••'••^-^. • • ^ - > . ; . ' ' : ^ ' ^ - n . ^ . c ' • 

X -•• . * • ; . , •• • ' • - • • 

- • ^ > ^ r. -•»•,• •• 

^ - . . - ^ • ' - ^ ' ^ : , , ' - / : . . . • , 

'•'^y'%. \í^-J^^,''^^ 

* ? » •••̂ •;:::->:' 

5 ^ N ' ^ ^ " " • • k . : 

• - V v ^ •^•;-,-v^r-' 

•j^j^ . • • • 

• , , • OVr^ - - - H . -

> • ' * • • * • • • • • 

•^yaj^ 
' • • , • • • • ' • • ' • • • • • • . % • - , ^ * 

• . ' . / . • • • .^ " . ' • " • • ' - . -sV . X 

• • • . • • ' ; * * ' ; • - - ^ . " ^ ' » • , • 

• • 

•' »* " .. 
' . • . ' . < • 

- . > > - • ' 

1 1 • " ' • 

y :; 
'RE 'R : • . 



28 



Fig. 10--Electron micrograph of fibroblast cells 
taken from the cicatricial region of a treated specimen 
after wound repair. Note the spherical nuclei (N), the 
dilated endoplasmic reticulum (RER) and the fragmentation 
of the mature collagen fibers (CF) . M, mitochondrion. 
X 12,500. 



29 



CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

Light Microscopy 

The results of this enzyme-hormone treatment indicate 

a significant reduction in the presence of mature collagen 

fibers in the cicatricial region during vvound repair, a 

reduction in overall thickness of the collagenous scar, 

hyperplasia in the eschar, cellular migrations in the epi-

dermal region, and structural alterations of the fibro-

blast cells. 

The extensive fibrillar accumulations of the control 

cicatricial regions at 5 days post-amputation are quite 

common to mammalian repair processes. At this time numerous 

fibroblasts of the connective tissue and eschar are pro-

ducing tropocollagen. Mucopolysaccharides from the Golgi 

complex unite with the tropocollagen filaments and are 

excreted from the cells as collagen fibrils. Condensation 

of the fibrils then produces a collagen fiber (Revel, 1963). 

The specimens that received hyaluronidase, collagenase, 

and somatotrophin for 5 days post-amputation revealed an 

amorphous region rather than a cicatrix between the eschar 

and connective tissue. Fibrillar accumulations were vir-

tually absent in the amorphous region and only minimal 

30 
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accumulations of fibrils were evident in the entire stump. 

Such morphology reveals the effects of collagenase in the 

area of the presum.ptive cicatrix. 

The stage of dedifferentiation is generally consid-

ered to be an important feature of the regenerative process 

in the newt limb (Hay and Fischman, 1961). Grillo et al., 

(19 6 8) detected maximal collagenolytic activity during 

this stage in the regenerating region and suggested that 

this was at least part of the mechanism whereby the extra-

cellular matrix is degraded, thus permitting mobilization 

of cells. The reaction products of collagenase activity 

denature under physiological conditions and are readily 

degraded to peptides either by the enzyme itself or in 

concert with other tissue proteases (Nagai et al., 1966). 

Because of its particular times of appearance during 

the stage of dedifferentiation at its localization to the 

distal region of the amputational stump and blastema, 

Grillo et al. , (1968) suggests that collagenase is involved 

in the release of precursor blastemal cells from the intra-

cellular matrix (Dresden, 1970). 

The intense staining of the eschar region, suggest-

ing increased mitotic activity, could reflect the influence 

of growth hormone (Figure 3). The hyperplasic effect of 

the growth hormone was apparent only in the proximal eschar 

region as measured through staining affinity while cells 

of the epidermal, dermal, and connective regions seemed 
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unaffected. Thus, the trophic effect of growth hormone 

was exemplified but in a location conducive to repair, 

not restoration. 

The morphology of the control stump after repair 

appeared similar to the findings of Weiss (1961) . The 

thick cicatrix (50 y) is indicative of maximum fibrillo-

genesis and accumulation of fibers in this region. 

The structural alterations of the 11 day treatment 

are seen in Figure 5. The increase in thickness of the 
« 

keratin coat is puzzling. The thickening is m.ost likely 

attributed to the effect of growth hormone though such 

action has not been previously described. Apparently, 

under the influence of growth hormone, there was a marked 

increase in the synthesis of the fibrous protein by epi-

dermal cells and subsequent accumulation on the wound 

surface. 

The possible mobilization of cells is evidenced by 

the lack of interpapillary pegs in the epidermis. Though 

cellular migrations are common to the repair process 

especially in the dermis, extensive migrations of the 

dermis and epidermis likely occurred to produce the arrange-

ment seen in Figure 5. 

The enzyme hyaluronidase causes a depolymerization 

of hyaluronic acid which is accompanied by a decrease in 

viscosity, as well as cleavage of the glycosidic bonds 

between glucosamine-C-1 and glucuronic acid-C-4. The 
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enzyme is widely distributed in microorganisms and mam-

malian tissues and is believed to play a role in promoting 

tissue invasion by bacteria or sperm cells (Hoffman, 1962). 

Movement of cells is recognized as essential to the 

maintenance of dermal-epidermal contact during blastemal 

formation in the regenerating newt limb, and such contact 

guidance is required for the overall success of the regen-

erate (Weiss, 1944). In an attempt to imitate this condi-

tion in mice, it was apparent that the ability of hyaluron-

idase to depolymerize hyaluronic acid indicated a possible 

means by which cells could be mobilized or at least freed 

from the confines of the acid cementum. Such a process 

could have occurred in the treated stumps. 

Electron Microscopy 

The fine structural findings of the control cicatri-

cial regions (Figure 6) are typical of those seen by 

Grillo (1964). Collagen accumulation was manifest and 

only fibroblasts remain prior to scar formation. 

The effects of treatment on the fibroblast cell are 

markedly demonstrated in Figures 7 through 10. The sig-

nificance of the dilations of the rough endoplasmic reticu-

lum and the change in nuclear shape are not known though 

they may be related to the condition of extreme proteolysis 

Fragmentation of the collagen fibers is the most signifi-

cant fine structural effect of the treatment. Since the 
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proteolytic activity of collagenase is limited to the 

collagen fiber (Gross, 1954), the reduction in the presence 

of collagen fibers and overall thickness of the collagenous 

scar is most probably due to extracellular fragmentation 

of the collagen fibers rather than disruption of intra-

cellular tropocollagen synthesis. 

The significant decrease in the acc'umulation of 

collagen fibers closely resembles the normal pattern of 

minimal collagen fiber accumulation in axolotl limb regen-

eration. Hay (1962) stated that fibroblasts and collagen 

fiber accumulations in the regenerating blastema of axolotl 

limbs were negligible. Assuming that regeneration and 

cicatrix formation are mutually exclusive events, inhibi-

tion of cicatrix formation may provide a more suitable 

environment for dedifferentiation and proliferation could 

these processes be initiated. Though the treated specimens 

revealed a significant reduction in the thickness of the 

cicatrix, a few fragmented collagen fibers remained and 

could possibly account for the inability of underlying 

•tissues to regenerate. 

The results of this experiment do not indicate that 

true epimorphic regeneration was induced nor that mammal-

ian limb stump tissue is capable or incapable of regenera-

tion under certain conditions. 

The failure of attempts to induce patterns of con-

trolled cellular proliferation at the amputational surfaces 
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of mammalian tissues indeed continues. Further studies 

are required to elucidate the mechanisms of cellular pro-

liferation and mobilization under the influence of proteo-

lytic and hyperplasic materials. 
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