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CHAPTER I 

INTRODUCTION 

Tissue Restoration 

Classically, regeneration has been defined as the 

restoration of lost or severely damaged limbs or organs by 

growth and differentiation of new tissues (Singer, 1973). 

Almost all animals exhibit some ability to regenerate, 

although their capacity may be somewhat restricted (Morgan, 

1901; Needham, 1952? Schmidt, 1968; Carlson, 1978). 

Usually the regenerated portion resembles the original, but 

it may be supernumerary, or heteromorphic, i.e., deformed, 

incomplete, or something other than the original tissues 

(Scadding, 1977, 1981; Tank and Holder, 1981). 

Regeneration occurs following surgical, accidental, or 

self-induced extirpation of tissue, or tissue destruction 

by disease. The sequence of events encompassing 

(amphibian) limb regeneration have been divided into three 

overlapping phases: initiation, growth, and 

redifferentiation. The initiation phase is comprised of 

neurite outgrowth into the wound epidermis, cessation of 

degeneration in the underlying stump tissues, wound 

closure, formation of an apical epidermal cap, and 

formation of the "definitive blastema". The growth phase 

is characterized by an outgrowth of the "regenerate" 
1 



tissues, the apical epidermal cap and the underlying 

blastema. While the redifferentiation phase involved 

restoration of the majority of missing tissues by the 

blastemal population (Singer, 1949; Egar and Singer, 1971; 

Iten and Bryant, 1973; Tank et al., 1976; Young, 1977a-c; 

Stocum, 1979). Similar events, such as, wound healing, 

internal tissue repair, and/or regrowth of finger tips have 

been recorded in mammalian species, i.e., opossum (Mizell, 

1968), rat (Neufeld, 1983), and humans (Singer, 1973; Hay, 

1974; Illingworth, 1974; Illingworth and Barker, 1980) 

although full regeneration does not occur. 

Animal Models 

The vertebrate species most often used for studying 

regeneration are: (1) the adult newt, (2) the frog tadpole, 

(3) the adult frog, (4) the larval salamander, (4) the 

axolotl (neotenic salamander), and (5) the adult salamander 

(review, Wallace, 1981; Young et al., 1983a,b). These 

species have been used because they possess the potential 

and ability to regenerate easily accessible structures, 

i.e., fingers, arms, legs, and tails. The methods used to 

analyze and then characterize the process of limb 

regeneration in these species have included: augmentation 

of the nervous supply (Singer, 1951; Konieczna-Marczynska 

and Skowron-Cendrzak, 1958); application of substances or 

electricity to stimulate regeneration (Rose, 1944, 1945; 
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Becker, 1961; Bodemer, 1964; Smith and Crawford, 1969; 

Smith, 1974; Borgens et al., 1977, 1979; Lassalle, 1979); 

denervation to inhibit regeneration (Butler and Schotte, 

1941; Singer et al., 1957; Dresden, 1969; Mescher and 

Tassava, 1975); manipulation of environmental conditions 

(Schauble, 1972; Schauble and Nentwig, 1974; Young et al., 

1983a); experimental manipulation of limb tissues 

(Thornton, 1968, 1970; Carlson et al., 1974); tissue and 

organ transplantation (Schotte and V/ilber, 1958; Foret, 

1970); whole body and limb X-irradiation (Butler and 

O'Brien, 1942; Brunst, 1960; Conn et al., 1971; Dunis and 

Namenwirth, 1977; Maden, 1979a,b,c); _in vitro cultures of 

limb buds (Globus and Globus, 1977; Liversage and Globus, 

1977); analysis of general morphology and changes in 

histology (Iten and Bryant, 1973; Tank et al., 1976; Young, 

1977a,b,c; Stocum, 1979; Bryant and Holder, 1982; Young et 

al., 1983b,c); and measurements of changes in DNA, RNA, 

protein, and/or glycoconjugates (Smith et al., 1975; 

Wallace, 1981; Fallon and Caplan, 1983; Kelley et al., 

1983; Young et al., 1983d-h). 

Factors Influencing Regeneration 

Two factors have been identified that appear to be 

generally necessary for limb regeneration in urodele 

amphibians: (1) an intact nervous supply and (2) the 

presence of an apical epidermal cap (AEC). It was 



4 
suspected as early as 160 years ago that an intact nervous 

supply was required for limb regeneration (Todd, 1823), but 

it was not until the 1920's that the concept that "urodele 

limbs would not regenerate in the absence of nerves" was 

firmly established (Locatelli, 1924, 1925, 1929; Weiss, 

1925; Schotte, 1926). Later, it was shown that 

regeneration was not dependent on the type of innervation 

(sensory, motor, or sympathetic), but on the quantity of 

nervous tissue innervating the limb (Singer, 1942, 1943, 

1945, 1946a,b, 1947a,b, 1949. 1952; Singer and Egloff, 

1949). These experiments led to formulation of the 

"quantitative hypothesis" which suggested that a threshold 

level (e.g., "threshold quantity") of intact nerve fibers 

(at least 50% in the adult newt) were required to support 

regeneration (Singer, 1952). Subsequent studies led to the 

formulation of the neurotrophic theory of nervous control 

of regeneration (and normal tissue maintenance) (Singer, 

1954, 1961, 1965, 1974; Yntema, 1959a,b; Singer and 

Mutterperl, 1963; Singer et al., 1964; Singer et al., 1967; 

Thornton and Tassava, 1969; Thornton, 1970; Egar and 

Singer, 1971; Singer and Caston, 1972; Wallace, 1972; Egar 

et al., 1973). The theory suggests that a chemical (e.g., 

"neurotrophic" factor), emanating from the nerve, normally 

acts as a general maintenance factor to the surrounding 

tissues. But, under conditions where tissues have been 

traumatized (i.e., lost or damaged), the neurotrophic 

factor acts as an inductive influence (for apical epidermal 
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cap formation) and then continues to function as a 

regulatory agent during the initiation and growth phases of 

(limb) regeneration. Modification of this theory, included 

to explain the apparent paradoxical regeneration of limbs 

in larval aneurogenic parabiotic twins, suggested that 

during the embryonic period of development all cells within 

the embryo secrete small quantities of a "factor" which has 

a general maintenance effect on the surrounding tissues. 

As neural tissue (producing larger quantities of a similar 

trophic "maintenance" factor, e.g., the neurotrophic 

factor) invaded each area during development, the 

surrounding tissues become accustomed to the higher levels 

of "maintenance" factor from the nervous tissue and ceased 

producing their own. Henceforth, the surrounding tissues 

would only respond to the elevated levels (e.g., "threshold 

quantity") of neurotrophic factor supplied by the nerve. 

Thus it was argued that when an innervated limb was 

amputated the tissues would respond to the threshold 

quantity of neurotrophic factor, emanating from the nerve, 

and regenerate a limb. When a limb was denervated and then 

amputated the limb would not regenerate because the 

threshold quantity of neurotrophic factor was not present 

(due to the absence of neural tissue). In contrast, when 

the limb from an aneurogenic parabiotic twin was amputated 

the tissues, being accustomed to a lowered threshold 

quantity of "maintenance" factor (produced by the cells), 

would regenerate a limb. 
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forelimb (by experimental manipulation) caused the 

subsequent formation of an ectopic "definitive" blastema 

with an ectopic regenerate limb as the end result. 

Transplantation of an AEC to a distant ectopic site (i.e., 

upper limb, shoulder, or lateral body wall at base of arm) 

induced the formation of a limb at that site with blastema 

cells derived from the local tissues. Regeneration of an 

aneurogenic limb did not occur if the AEC from the 

aneurogenic limb was replaced with an AEC from an 

innervated limb. That is because the innervated limb's AEC 

was not responsive to the decreased levels of "maintenance" 

factor present within the aneurogenic limb. Counts of 

metaphase plates within the "definitive" blastema showed 

that cell division was greatest in those tissues directly 

beneath the AEC (Thornton, 1938a,b, 1942, 1943, 1953, 1954, 

1956a,b, 1957, 1958, 1960a,b, 1952, 1965; Thornton and 

Kramer, 1951; Thornton and Steen, 1962; Thornton and 

Thornton, 1965, 1970; Thornton and Tassava, 1959). From 

these studies a three part theory has been proposed to 

explain the activities of the AEC during regeneration. The 

theory suggests that substances emanating from the AEC: (1) 

cause an accumulation and aggregation of the underlying 

mesenchymal-like cells to form the definitive blastema, (2) 

stimulate or otherwise control the rate of mitosis within 

the underlying blastema, and (3) direct blastemal outgrowth 

(Thornton, 1968, 1970). 

It appears that the nerve stimulates (via a postulated 
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neurotrophic substance) the formation of an apical 

epidermal cap (AEC) and then continues to function as a 

regulatory agent in the complex cellular interactions 

during the initiation and growth phases of regeneration. 

The AEC appears to be responsible for controlling the 

formation, proliferation, and direction of outgrowth of the 

definitive blastema during the initiation and growth phases 

of regeneration. 

Current studies in regeneration involve determining by 

what mechanisms neural and epidermal tissues affect the 

underlying limb tissues resulting in a fully proportioned 

limb. Questions have been raised as to whether the 

interaction of the nerve and the AEC with the limb tissues 

is direct (via cell-cell contacts) or indirect (via 

cell-matrical contact). A few reports have alluded to the 

possibility that the nerve is in direct contact with the 

epidermis prior to formation of the AEC (Sidman and Singer, 

1960; Egar and Singer, 1971). Other studies suggest that 

> 

5 

since the neurotrophic substance secreted by the nervous jj 

'I 
tissue is composed of low molecular weight glycoproteins •* 

and can affect both epidermal and blastemal tissues 

(Gospodarowicz and Mescher, 1977, 1980; Gospodarowicz et 

al, 1978a,b; Mescher and Gospodarowicz, 1979; Mescher and 

Loh, 1981; Mescher, 1983) that some interactions during 

regeneration may be cell-matrical contacts. 

Results from studies of the components secreted by the 

AEC into, and affecting, t]u> undorlyinq limb tissues _in 
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vitro have suggested that the substances might be composed 

of low and high molecular weight glycoconjugates (Smith et 

al., 1975; Kosher et al., 1981; MacCabe and Richardson, 

1982; MacCabe et al., 1983; Solursh, 1983). Therefore, in 

the present work glycoconjugates (i.e., glycosaminoglycans 

and glycoproteins), previously identified in regenerating 

limb tissues of the adult Ambystoma (Young et al., 

1983d,e), were analyzed i^ vivo during the initiation phase 

of regeneration. Special attention was focused on 

determining whether correlations exist between changes in 

composition of glycoconjugates and positional/morphological 

changes in the nervous, epidermal, and other limb tissues. 

It was noted that spatial and temporal correlations exist 

between changes in the composition of glycoconjugates and 

morphological aspects of nervous, epidermal, and other 

tissues within the limb (Chapter II). Further 

experimentation by the manipulation of nervous tissue 

(Chapter III) confirmed that the neural tissue was 

necessary for stimulation of the epidermis and that 

stimulated epidermis could support regeneration in the 

absence of neural tissue. It was also noted that the 

temporal relationship between the matrical glycoconjugates 

and the regeneration morphology continued to exist in all 

cases analyzed, suggesting indirect cell-matrical 

interactions during iii vivo limb regeneration. The results 

reported here were compared with current theories and 

results of studies of nerve and epidermal regulation of 
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r e g e n e r a t i o n (Chapter IV) . 



CHAPTER II 

MORPHOLOGICAL AND CHEMICAL ANALYSES OF GLYCOCONJUGATES IN 

NEUROGENICALLY INTACT WOUND TISSUES DURING THE INITIATION 

PHASE OF LIMB REGENERATION IN ADULT AMBYSTOMA 

Introduction 

The morphological sequence common in all urodeles for 

complete limb regeneration is first, the formation of an 

epidermal covering over the wound surface followed by its 

central thickening into an apical epidermal cap (AEC); 

secondly, formation of a distinct population of 

mesenchymal-like blastemal cells that aggregate directly 

beneath the AEC; and lastly, outgrowth and differentiation 

of this regenerate complex into the missing tissues of the 

limb (Iten and Bryant, 1973; Tank et al., 1976; Young, 

1977a; Stocum, 1979). 

Within a neurogenically intact urodele amphibian model 

system, neural elements have been shown to play a major 

regulatory role in this sequence (Singer, 1978). From 

studies by Singer and co-workers (Lebowitz and Singer, 

1970; Ilan and Singer, 1975; Singer and Ilan, 1977) it is 

known that the presence of neural elements will stimulate 

and maintain DNA, RNA, and protein synthesis in both the 

epidermal and blastemal tissues of the regenerate complex 

during the initiation and growth phases of regeneration. 
11 
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Denervation anytime during these two phases will lead to 

degeneration of the tissue elements. However, denervation 

during differentiation, will not cause degeneration of the 

tissue elements, but will result in a limb of smaller 

proportions than the original (Bryant et al., 1971; 

Morzlock and Stocum, 1972; Singer and Caston, 1972; Bantle 

and Tassava, 1974; Bast et al., 1979). Singer (1952) first 

postulated the existence of an unknown factor(s) (i.e., 

neurotrophic factors) within the nervous tissue that play 

regulatory role(s) in directing these regenerative events 

(see also Singer, 1978). At present, the particular 

entity of the neural tissue and associated connective 

tissue coverings (i.e., axoplasm, axolemma, Schwann cell, 

neurilemma, endoneurium, perineurium, epineurium) that 

supplies the postulated neurotrophic factor(s) thereby 

directing these regenerative actions is unknown. 

Therefore, investigative efforts have been almost 

singularly directed towards the isolation of neurotrophic 

factor(s) (that stimulate DNA, RNA, and protein synthesis) 

from central and peripheral nervous tissue. Certain low 

molecular weight, trypsin sensitive, heat labile substances 

have been isolated that show this stimulatory ability in 

vitro, but _in vivo use of these substances in denervated 

systems have not been successful in stimulating the 

regenerative processes (Singer, 1978; Mescher, 1983). 

Thus, the mechanism through which any putative neurotrophic 

factor(s) act in situ on the regenerate system remains 



13 

unresolved. 

I propose that elucidation of any endogenous putative 

neurotrophic factor and its mechanism of action will 

benefit from determination of the exact sequence of 

cellular and extracellular processes occurring within the 

regenerative complex. If established, then 

experimentations at selected time periods in the sequence 

may reveal how the neurotrophic factor interacts with or 

initiates these processes. 

Because there are a multitude of potential 

tissue-tissue interactions within each of the major 

neurogenically dependent phases of regeneration (i.e., 

initiation and growth), I have limited my examination to a 

single critically important period in the regeneration 

process: the initiation of wound closure. Using the adult 

Ambystoma salamander, I propose to establish temporal 

cellular and extracellular interactions during this period. 

Selection of this experimental animal has two advantages: 

(1) increased size of the animal (Young et al., 1983b), to 

allow multiple assays on a single limb rather than a single 

assay from multiple pooled limbs, and (2) the expanded time 

required for regeneration in these species (Young et al., 

1983b), which affords a greater resolution of the 

sequential morphological and chemical events that occur 

during this phase of regeneration. Since glycoconjugates, 

i.e., glycosaminoglycans and glycoproteins, are known to be 

important determinants in the development of multicellular 
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organisms (Bissell et al., 1982; Yamada, 1983), the purpose 

of this study was to determine the locations of 

alcianophilic and periodic acid-Schiff-positive (PAS+) 

glycoconjugates during the morphological sequence 

encompassing the initiation phase of regeneration. The 

results show that the presence of the identified 

glycoconjugates occurred immediately prior to any 

morphological change (e.g., epidermal proliferation) within 

the neurogenically intact system. 

Materials and Methods 

A population of postmetamorphic adult land phase 

Ambystoma maculatum salamanders was obtained from Graska 

Biological Co. (Oshkosh, WI), Carolina Biological Co. 

(Burlington, NC) and Sullivan's Amphibians (Nashville, TN) 

and housed under suitable conditions for complete 

regeneration in this species (Young et al. 1983a). After 

acclimation to the laboratory environment, all salamanders 

underwent unilateral amputation of the left forearm while 

the right forearm remained intact as an unoperated control 

(Young et al., 1983b). In brief, the operational schedule 

entailed double anesthetization in 5% MS-222 (Tricaine 

methane sulfonate, Sigma) at 4^0. Post-operative recovery 

occurred in an antibacterial solution (Young, 1977a) 

containing 2 ml of 1% methylene blue/100 ml concentrated 

Holtfreter's solution (Hamburger, 1969) with the 
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salamanders kept in the solution for a minimum of 5 min 

after cessation of bleeding from the wound surface (Young 

et al., 1983b). At predetermined time intervals post 

amputation (30 min-35 days) the salamanders were again 

placed within the operational schedule and their limb 

tissues harvested bilaterally. The experimental tissues 

were reamputated 2 mm proximal to the original amputation 

site, denoted by the presence of the demarcation line 

(Young et al., 1983b), while the control tissues were 

amputated at a similar position on the limb. For each time 

interval and species, five sets of limbs in both the 

experimental "stump/regenerate complex" (i.e., 2 mm of 

stump tissue plus any regenerate tissue distal to the 

original amputation site) and control tissues were analyzed 

for glycoconjugates by the following procedures. 

Light microscopic and ultrastructural histochemical 

and chemical analyses were used to identify, localize, and 

quantify specific glycosaminoglycans based on the affinity 

of Alcian Blue for polyanions. By utilizing specific 

glycosidases and various permissive and nonpermissive ionic 

environments, individual glycosaminoglycans were identified 

and quantitated. 

Alcian Blue 8GS (AB 8GS) (Chroma-Gesellschaft, Roboz 

Surgical Co.) was chosen as the stain of choice for all the 

following analyses for two reasons: (1) of all Alcian Blue 

preparations tested, AB 8GS had the highest content of 

copper (counts from the atomic number emission spectre. 
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Cu-29)/mg stain detectable with the Princeton Gamma Tech 

X-ray elemental analysis unit, and (2) similarly, AB 8GS 

gave consistent, reproducible, linear standard curves 

detectable at 480 nm with a Beckman 820 spectrophotometer. 

Light Microscopic (LM) Histochemistry. Tissues were 

fixed in Lillie's-10% cetylpyridinium chloride, CPC, 

(Humason, 1972; Kvist and Finnegan, 1970) and processed for 

paraffin-histochemistry as previously described by Young et 

al. (•198'3c,d). Serial sections (5 um) were analyzed for 

(a) hyaluronate (HA) by staining in AB 8GS 

(Chroma-Gesellschaft, Roboz) 1.0% at pH 2.5 or in 0.1% AB 

pH 5.5 containing 0.05-0.IM MgCl2 with or without prior 

digestion in Streptomyces hyaluronidase (EC 3.2.1.35, 

fungal, Calbiochem), 10 TRU/50 ml of O.IM Na-K Phosphate 

buffer, pH 5.5, for 2 hr at 37°C, with 50 mg bovine serum 

albumin (Fraction V, Sigma) added to control for protease 

contamination (Yamada, 1973); (b) chondroitin sulfates 

(CHS) by staining with 1.0% AB pH 1.0 or 0.1% AB pH 5.5 

containing 0.2M or 0.5M MgCl2 with or without prior 

digestion in chondroitinase-AC (EC 4.2.2.5, from 

Arthrobacter aurescens, Sigma), 2U/50 ml of O.IM enriched 

Tris-Cl buffer, pH 8.0, for 2 hr at 37oc (Yamada, 1972, 

1974) or chondroitinase-ABC (EC 4.2.2.4, from Proteus 

vulgaris, Sigma), 2U/50 ml of O.IM enriched Tris-Cl buffer, 

pH 8.0, for 2 hr at 37oc (Saito et al., 1968); (c) keratan 

sulfate (KS) by staining with AB pH 1.0 or pH 5.5 

containing 0.5-1.0M MgCl2 with or without prior digestion 
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in keratanase (keratan sulfate endo-beta-galactosidase, 

from Pseudomonas sp., Miles), 2U/50 ml of O.IM enriched 

Tris-Cl buffer, pH 7.4, for 2 hr at 37oc (Park and Johnson, 

1949); and (d) glycoproteins (GP) by staining with the 

periodic acid-Schiff procedure followed by counterstaining 

with AB pH 1.0, 2.5, or 5.5 containing O.IM MgCl2 with or 

without prior digestion with trypsin (EC 3.4.21.4, 2.5%, 

Porcine parvovirus tested, Sigma), 0.1%/50 ml of O.OIM 

Phosphate buffer, pH 7.6, for 15 min at 37oc (Mowry, 1963; 

Markwald and Adams-Smith, 1972) or sialidase (EC 3.2.1.18, 

Sigma), 37.5U/50 ml of O.IM Na-K Phosphate buffer, pH 7.0, 

for 2 hr at 37°C (Markwald and Adams-Smith, 1972). Buffer, 

methodological, and positive tissue controls were added to 

check specificity of all staining techniques (Markwald and 

Adams-Smith, 1972). The AB binding to the tissue regions 

during the staining regimes was semi-quantitated by 

microspectrophotometry (Derby and Pintar, 1978). 

Chemical Analysis. To confirm the semi-quantitated 

histochemical identifications and quantify 

glycosaminoglycans via their relative molar mass, we 

modified Gold's Alcian Blue techniques for chemical 

analysis of total (Gold, 1979) and sulfated (Gold, 1981) 

glycosaminoglycans. Ice cold distilled water was added to 

the tubes at a ratio of 4.0 ml/O.1 g wet weight of limb and 

homogenated/sonicated for 30 sec at 4°C with a Polytron 

Tissue Homogenizer/Sonicator (at setting 6). 

Homogenates/sonicates were centrifuged at 10,000 rpm for 30 



18 

min at 4 C. Aliquots were removed for protein (Lowry et 

al., 1951) and microfluorometric DNA (Orkin, 1981) 

analyses. The remaining supernatants were stored at 4°C. 

The amount of glycosaminoglycans in each supernatant was 

determined by adding each of the following enzymes to a 200 

ul aliquot of supernatant: (a) Streptomyces hyaluronidase 

(2 TRU/200 ul 0.2M Na-K Phosphate buffer, pH 5.5); (b) 

chondroitinase-AC (0.2U/200 ul of modified enriched Tris 

buffer, pH 8.0); (c) chondroitinase-ABC (0.2U/200 ul of 

modified enriched Tris buffer, pH 8.0); or (d) keratanase 

(2U/200 ul of modified enriched Tris buffer, pH 7.4). 

Supernatants were digested for 2 hr at 37°C in a shaker 

water bath and then aliquoted into 100 ul samples, to which 

1.2 ml of either the "basic" AB dye (1.4 mg AB/1.0 ml of 

0.5M sodium acetate (Gold, 1979)) or the "acidic" AB dye 

(1.0 mg AB/1.0 ml of 15% phosphoric-2% sulfuric acid (Gold, 

1981)) was added, vortexed for 5 min, and allowed to stand 

for 10 min. Absorbance at 480 nm of each tube (digested 

supernatant or known standard) was measured against blank 

standards in a Beckman (model 34) Spectrophotometer. All 

analyses of the supernatants, including the preparative 

procedures (buffer or buffer + enzyme), were performed in 

parallel with separate and mixed glycosaminoglycan 

standards (hyaluronate, human umbilical cord, Sigma; 

chondroitin sulfates, shark cartilage, Sigma; keratan 

sulfate, bovine cornea. Miles) of known amounts and 

normalized to 0.1 g limb wet weight. 
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SEM-Histochemical X-ray Elemental Microanalysis. 

This technique allowed increased resolution of the 

cell-matrix interactions at the wound surface, while 

simultaneous semi-quantitative bulk X-ray microanalyses for 

sulfated and carboxylated glycoconjugates were made. 

The tissues were fixed in a modified Karnovsky's 

fixative (2% w/v glutaraldehyde-2% w/v paraformaldehyde in 

O.IM cacodylate buffer with 0.5% CPC), pH 7.4, for 4 hr; 

rinsed in three 10 min buffer changes; and digested 2 hr at 

37°C in one of the following: testicular hyaluronidase (EC 

3.2.1.35, 37.5 U of bovine testicular hyaluronidase, 

Type-I-S Sigma/50 ml of O.IM Na-K Phosphate buffer, pH 

5.5), Streptomyces hyaluronidase, chondroitinase-AC, 

chondroitinase-ABC, or their respective buffer controls 

(see LM Histochemistry section). The tissues were 

subsequently stained en bloc in 10% AB 8GS 

(Chroma-Gesellschaft, Roboz), pH 2.5, for 4 hr at 37oc. 

Rinsed tissue was critical-point dried using liquid CO2 in 

a Sorvall (model 49300) Critical Point Drying System, 

mounted on carbon painted aluminium studs (Fullam) , and 

carbon-coated using a Denton (model DV 515) 

Vacuum-Evaporator. Characteristic X-rays were generated 

from the distal en face surface of the amputation site 

using the electron-beam of an Hitachi HS-500 scanning 

electron microscope operated at 20-kV. Resultant spectral 

emissions were detected and identified with a Princeton 

Gamma Tech (PGT) energy dispersive (SiLi) detector 
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interfaced with a PGT-1000 micro-computer based 

multichannel analyzer. Individual (lum) spot analyses of 

ten sample areas/tissue field (30 fields per limb) were 

taken. Enzymatically digested versus buffer control limbs 

were counted for 30 sec ("real time") with a constant tilt 

angle, working distance, emission current, and detector 

take-off angle. The detector resolution was approximately 

152 eV at 5.9 keV. Extracellular matrical material was 

identified by analyzing for sulfur spectral emissions, from 

inherent sulfated molecules; and copper spectral emissions, 

from the core dye molecule of Alcian Blue 8GS (Markwald et 

al., 1978). 

Results 

The results (see Tables 2-1 & 2-2) are presented as an 

integration of the glycoconjugate analytical procedures, 

showing spatial and temporal relationships between the 

tissues of the stump regenerate complex following 

amputation and their respective intracellular/extracellular 

matrices. The diagrams (D) 2-1 to 2-9 are composites of 

the LM and SEM morphological and histochemical events that 

occurred within each respective time period. Beginning at 

30 min after amputation of the limb (e.g., designated as 0 

days cifttu" amputation) intracellular (axonal) HA and PAS+ 

material and extracellular (endoneurial and perineurial) 

CHS A&,C, KS, and PAS+ material increased in the neural 
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Table 2-1 
Sequence of Morphological Events During the Initiation 

Phase of Regeneration in Adult Ambystoma 

Days 
After 
Ampu. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

15 

16 

19 

20 

25 

26 

27 

28 

29 

30 

34 

35 

Neural 
Tissue 

Ingrowth 

Epide rmal 
Tissues 

Mitotic 
into Stump Figures 
Epidermis 

\ 1 

1 1 Regenerate 
Epidermal 
(RE) Cuff 
Forms and 
Thickens 
To 10-12 
Cell Layers 

4 f 
Wound Closure 

Begins 

\ ' 
Wound Closure 

Ends 

Formation of 
Apical 
Epidermal 
Cap and 
Epidermal 
Ridge 
(AEC/ER) 
60-65 

Cells Thick 

1 V 

Wound 
Surface 

Filamentous 
Matrix 
Appears 

Free 
Cell 

Population 
Appears 

Granules 
A.ppear 

> 1 

Free 
Cell 

Population 

Appear at 
Base of 
RE Cuff 

I 
Move Through 
Filamentous 

Matrix 

Y 
Reach Center 
of Wound 

> f 
Formation of 
Sub-epidermal 
Ridge Blastema 

(SERB) 

1 1 

Stump 
Tissues 

Inflammatory 
Reaction and 
Degeneration 
Profiles 

i. 
Cessation of 
Infla. Rx. & 
Degen. Profil 

Mesenchymal-
Like Cells & 
Alcianophilic 
Mat. Appears 
Among Stiamp 
Tissues 

N f 
Mesenchymal-
Like Cells 
Accumulate 
Beneath 
SERB 

> f 

Core Blastema 
Forms 

> i 



22 

Table 2-2 
Sequence of Glycoconjugate Histochemical Events During the 

Initiation Phase of Regeneration in Adult Ambystoma 

HA GP CHS KS 

Neural I 0-35 I 0-35 
Tissues E 0-35 E 0-35 E 0-35 E 0-35 

Superficial 
Layers of 
Wound 
Epidermis I 1-35 - - -

Basal Layers 
of Wound 
Epidermis I 1-35 I 1-35 

Superficial 
Layers of 
Regenerate 
Epidermal 
Cuff I 3-35 - - -

Basal Layers 
of Regenerate 
Epidermal 
Cuff I 3-35 I 3-35 

Wound 
Surface E 3-35 E 10-35 E 7-35 

Stump 
Tissues E 3-35 E 10-35 E 0-35 E 0-35 

HA = Hyaluronate; GP = Glycoproteins; CHS = Chondroitin 
sulfates; KS = Keratan sulfates; I = Intracellular; 
E = Extracellular; 0 = 30 min after amputation; numbers 
1-35 = days after amputation; - = absent. 
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Diagram 2-1. Pre-24 Hrs (30 Min to 24 Hrs). An outgrowth of 
neural tissue (N) apposes basal surface of wound epidermis 
(WE) . 

Diagram 2-2. Post-24 Hrs (End of 24 Hr Period). 
Intracellular staining in wound epidermis for 
glycoconjugates, glycoprotein staining in basal layers, 
hyaluronate staining in all layers. 

Diagram 2-3. Two to Three Days After Amputation. A "cuff" 
of regenerate epidermis (RE) appears above plane of 
amputation. Epithelial-like cells (E) appear on wound 
surface. Inset - en face view of amputation site, outer 
ring (bracketed by arrowheads) denotes regenerate epidermal 
cuff. Rectangular box represents area of section for 
subsequent diagrams. 

Diagram 2-4. Three to Four Days After Amputation. A 
filamentous material (FM) appeared on external surface of 
epithelial-like cells covering wound surface. Inset - en 
face view, filamentous material covering wound surface. 

Diagram 2-5. Four to Six Days After Amputation. Individual 
cells appeared within filamentous material at base of 
regenerate epidermal cuff and began moving through 
filamentous material towards center of wound surface. Those 
individual cells initially encountering only filamentous 
material designated "pioneering free cell population" (PF). 
Those individual cells encountering both filamentous and 
granular material designated "trailing free cell 
population" (TF). Inset - en face view, free cell 
population appear around entire circumferemce of wound 
site. 

Diagram 2-5. Five to Ten Days After Amputation. Granular 
material (GM) appeared within filamentous wound surface 
matrix and co-distributed with free cell population. 
Regenerate epidermal cuff began movement across top of 
wound surface matrix towards center of wound. Inset - en 
face view, free cell population continues to move towards 
center of wound. 
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Diagram 2-7. Ten to 25 Days After Amputation. Pioneering 

free cell population reached center of wound. Regenerate 

epidermis continues movement across wound surface matrix 

towards center of wound. 

Diagram 2-8. Twenty to 30 Days After Amputation. Wound 

closure by regenerate epidermis completed. Regenerate 

epidermis begins to increase in thickness. 
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Diagram 2-9. End of Initiation Phase. Stump-regenerate 

complex fully formed and consisting of apical epidermal cap 

with associated epidermal ridge (AER), sub-epidermal ridge 

blastema (SERB), the "definitive" core blastema (CB), an 

intermediated zone between adult soft tissues (skeletal 

muscle, connective tissues, dermis, tendon) and the core 

blastema (PMB), and an intermediate zone between adult hard 

tissues (bone, periosteiom, cartilage, perichondrium) and 

the core blastema (PCB). 
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tissue. Within 24 hr, an outgrowth of neural tissue 

(stained for glycoconjugates) occurred to a position 

I apposed to the basal layers of the epidermis surrounding 

I the amputation site (designated the "wound epidermis") (D 

! « 2-1, Fig. 2-1). Also by 24 hr, the tissues transected by 

the amputation had degenerated with accumulations of 

i perivascular inflammatory cells in the more proximal stump 

) ) tissues (Figs. 2-2 & 2-3). A major event occurred at the 

end of the 24 hr period. The wound epidermis along the 

post-axial border developed polarized intracellular 

' ' staining for hyaluronate and PAS+ material, while along the 

pre-axial border it developed intracellular staining only 

for hyaluronate. Mitotic figures were also evident in the 

f wound epidermis (Tables 2-1 & 2-2, D 2-2, Fig. 2-4). 

By two to three days after amputation, a "cuff" of 

wound epidermis (designated "regenerate epidermis") formed 

around the periphery and extended above the plane of the 

amputation site. Degeneration of the transected tissues 

ceased. Flattened epithelial-like cells (of undetermined 

origin) appeared on the wound surface (Table 2-1, D 2-3, 

Fig. 2-5). The regenerate epidermal cuff by three to five 

days stained similar to the wound epidermis for 

intracellular HA and PAS+ material. A filamentous 

hyaluronate-enriched matrix appeared on the external 

surfaco of the opitholial-likc> cells covering the wound 

surface (Tables 2-1 & 2-2, D 2-4, Figs. 2-6 & 2-7). 

Individual cells (designated the free cell population. 
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Figure 2-1. Wound Epidermis Surrounding Amputation Site. 
Outgrowth of neural tissue (N) to a position apposed to 
basal border of wound epidermis (WE), 0.5M MgCl CEC/NFR, 
X360. 

Figure 2-2. Tissues Transected by Amputation. Arrowheads 
denote degenerating tissues along amputation surface, 
PAS/AB, X450. 

Figure 2-3. Stump Tissue Area Just Proximal to Amputation 
Site. Wound epidermis (WE) beginning to stain for PAS+ and 
AB+ material. Dermis (D) composed of dense fibrous 
connective tissue. Perivascular inflammatory cells (I) are 
located around blood vessels and also interspersed within 
the connective tissue (CT), PAS/AB, X900. 

Figure 2-4. Stump Tissue Area Proximal to Amputation Site. 
Wound epidermis (WE) showing heavy staining for both PAS+ 
and AB+ material. Epidermal basement membrane shows PAS+ 
staining (arrowhead). Dermis (D) also shows PAS+ staining. 
Inset (upper left) shows mitotic figure within wound 
epidermis. Inset (lower right) of adjacent serial section 
after Streptomyces hyaluronidase digestion prior to 
staining. Epidermal basement membrane (arrowhead) retains 
PAS+ staining, as does the dermis (D). Wound epidermis (WE) 
shows loss of AB+ and PAS+ material, PAS/AB, X600. 

Figure 2-5. En face View of Wound Surface With Adjacent 
Regenerate Epidermal Cuff (RE). Epithelial-like cells (E) 
covering wound surface, SEM. 

Figure 2-6. Filamentous Material (FM) on Wound Surface, 
SEM. 

Figure 2-7. Higher Magnification of Filamentous Material 
(FM). Arrowheads demarcate fine filamentous appearance. 
Insert (lower right) similar area after Streptomyces 
hyaluronidase digestion. Filamentous material has been 
removed with enzyme. External surface of two 
epithelial-like cells (E) covering wound surface are 
visible, SEM, 
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Figure 2-8. Free Cell Population (F), Embedded Within 
Wound Surface Matrix, SEM. 

Figure 2-9. Area of Stump Tissues Proximal to Amputation 
Site. Dark strands of material interspersed with cells 
shows AB+ staining and denoted as alcianophilic material, 
PAS/AB, X500. 

Figure 2-10. Area of Stump Tissue Between Two Cartilage (C) 
Masses. Mesenchymal-like cells (stellate processes, PAS+ 
and AB+ cytoplasm) denoted by arrowheads, PAS/AB, X600. 

Figure 2-11. En face View of Wound Surface. Epithelial-like 
cells (E) covering wound surface. Cells of FCP embedded in 
woiind surface matrix covering epithelial-like cells' exter
nal surface, SEM. 

Figure 2-12. Stump Tissues Proximal to Amputation. Site. 
Mesenchymal-like cells (arrowheads) adjacent to cartilage 
(C) mass, PAS/AB, XI200. 

Figure 2-13. Stiomp Tissues Proximal to Amputation Site. 
Mesenchymal-like cells (arrowheads) interspersed within 
loose fibrous connective tissues (CT), PAS/AB, X1200. 

Figure 2-14. En face View of Wound Surface. Figure 14a 
shows granule-encrusted structure of wound surface matrix. 
Borders of structure denoted by arrows, individual granules 
denoted by astericks. Figure 14b shows similar area after 
digestion with chondroitinase-AC. Arrows denote fibers al
most completely denuded of granules, SEM. 
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"FCP") appeared within the hyaluronate-rich matrix at the 

base of the regenerate cuff (Tables 2-1 & 2-2, D 2-5, Fig. 

2-8). At five days after amputation, a dramatic shift in 

the stump tissue appearance occurred: the more proximal 

stump tissues ceased degenerating and mesenchymal-like 

cells and alcianophilic material ("regeneration profiles") 

appeared within the proximal stump tissues (Table 2-1, Fig. 

2-9 & 2-10). Chemically, between 30 min and five days, 

within the tissues of the stiimp-regenerate complex (i.e., 2 

mm of adult stump tissues proximal to the amputation site 

and any "regenerate" tissues distal to the site), 

hyaluronate and chondroitin sulfates A&C precipitable with 

AB increased (Text Fig. 2-1). By the end of five days, 

hyaluronate peaked while chondroitin sulfates continued to 

increase (Text Fig. 2-1). The protein and DNA profiles 

also showed dramatic changes during this 30 min to five day 

time period. Between 30 min and three days the amount of 

protein increased two fold (Text Fig. 2-2), while during 

the same period DNA content decreased initially (concurrent 

with the tissue degeneration) and then rose between three 

to five days (concurrent with mitotic figures in wound 

epidermis and appearance of epithelial-like cells and FCP 

on wound surface) (Text Fig. 2-2). 

By six days after amputation, "pioneering" and 

"trailing" FCP had moved centrally over and through the 

filamentous hyaluronate enriched matrix on the 

epithelial-like cells covering the wound surface (D 2-5, 
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Text Figure 2-1. Glycoconjugates Within Stump-regenerate 

Complex. Chemical analysis of total hyaluronate and 

chondroitin sulfates within stump-regenerate complex from 

time zero (30 min after amputation) to 35 days after 

amputation. Measured in micrograms per 0.1 g limb 

(stump-regenerate complex) wet weight. 

Text Figure 2-2. DNA and Protein Within Stump-regenerate 

Complex. Chemical analysis of total DNA and protein content 

of stump-regenerate complex from time zero (30 min after 

ampiiitation) to 25 days after amputation. DNA measured in 

mamograms per 0.1 g limb (stiomp-regenerate complex) wet 

weight- Proteins measured in micrograms per 0.1 g limb wet 

*:eicfht. Bars denote standard error of the mean. 
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Fig. 2-11). Mesenchymal-like cells (i.e., stellate shaped, 

containing HA and PAS+ material) appeared within the 

underlying stump tissues (Table 2-1, Fig. 2-12 & 2-13). At 

seven to eight days, as chondroitin sulfates increased 

chemically (Text Fig. 2-1), chondroitinase labile granules 

(30-50 nm) appeared within the wound surface matrix (Fig. 

2-14). These granules co-distributed with the pioneering-

and trailing-FCP (Table 2-1, D 2-6, Fig. 2-15). Between 

eight to ten days, the regenerate epidermal cuff began a 

progressive movement ("iris diaphragm"-like) across the 

wound surface atop granules embedded within the filamentous 

matrix of the wound surface (Table 2-1, D 2-6, Fig. 2-16). 

When measured chemically, the hyaluronate leveled off while 

chondroitin sulfates continued to increase (Text Fig. 2-1). 

At ten days intracellular HA and PAS+ staining decreased in 

the basal layers of the regenerate epidermal cuff, while 

extracellular HA and PAS+ staining increased in the 

apposing wound tissues (Table 2-1, Fig. 2-17). 

Between 10-25 days, the pioneering- and some 

trailing-FCP reached the center of the wound surface (Table 

2-1, D 2-7, Fig. 2-18). When measured chemically, the 

chondroitin sulfates leveled off at this time while 

hyaluronate remained constant during this period (Text Fig. 

2-1). The regenerate epidermal cuff completed wound 

closure between 20-30 days after amputation (Table 2-1, D 

2-8, Fig. 2-19). Intracellular HA & PAS+ staining 

(diminished at 10 days) was beginning to reappear in the 
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Figure 2-15. En face View of Wound Surface Matrix. Lower 

field of micrograph shows granular wound surface matrix 

(GM) after being traversed by the pioneering-FCP, some 

structures still visible as filaments with granulation. 

Upper field of micrograph shows granular wound surface 

matrix during movement of trailing-FCP (TP), almost 

complete granulation of matrix, SEM. 

Figure 2-16. En face View of Wound Surface Matrix. 

Regenerate epidermal (RE) cuff begins to move across 

surface of granular wound surface matrix (GM), SEM. 

Figure 2-17. Movement of Regenerate Epidermis (RE) Across 

Surface of Stump Tissues (ST). Intracellular staining for 

PAS+ and AB+ material is present in middle regenerate 

epidermal layers (double arrowheads), missing in basal (B) 

layers of the regenerate epidermis, and present in the 

adjacent wound (stump) tissues (single arrowhead), PAS/AB, 

X1200. 

Figure 2-18. En face View of Wound Surface. Granular matrix 

(GM) appears at center of wound and regenerate epidermis 

(RE) continues to move across top of granular wound surface 

matrix to close wound, SEM. 



•% 
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Figure 2-19. En face View of Completed Wound Closure. The 
regenerate epidermis (RE) has completely covered the wound 
surface (lower field of micrograph), while the stump 
epidermis (SE) remains covering the stump tissues (upper 
field of micrograph, SEM. 

Figure 2-20. Regenerate Epidermis Overlying Wound Surface. 
Intracellular staining for PAS+ and AB+ material begins to 
increase in all layers of the regenerate epidermis (RE) as 
extracellular staining for PAS-i- and AB+ material also 
increases in the adjacent stump tissues (ST), PAS/AB, X550. 

Figure 2-21. En face View of Epidermal Ridge. Epidermal 
ridge (ER) begins to appear within the regenerate epidermis 
covering the distal most portion of the wound site from the 
pre-axial to post-axial border, SEM. 

Figure 2-22. Stump-regenerate Complex at End of Initiation 
Phase. The regenerate epidermis begins to thicken forming a 
cap of epidermis covering the entire wound site, designated 
the apical epidermal cap/epidermal ridge complex (AER). The 
cells of the FCP form a population of "blastemal"-like 
cells beneath the AER designated the sub-epidermal ridge 
blastema (SERB). Intracellular staining for AB+ material is 
present in all layers of the AER, and heavy extracellular 
staining for AB+ material is present in the SERB, AB/NFR, 
X6eC;. 

Figrure 2-23. Lateral View of the Stump-regenerate Complex. 
All layers of the apical epidermal cap/epidermal ridge 
complex stain intracellularly for PAS+ and AB+ material. 
The sut-epiderir.al ridge blastema (SERB) located beneath the 
AER stains extracellularly for similar material. Individual 
mesenchyrral-like cells (arrowheads) are seen approaching 
the SERB, ?^iS/AE, X550. 

Figure 2-24, Stujnp Tissues Within Stump-regenerate Complex. 
The individual rresenchymal-like cells have congregated into 
a large riass of cells, the "definitive" blastema (BL) which 
lies deep to tlie sub-epidermal ridge blastema (SERB). All 
areas in the rricrooraph, the BL, SERB, and apical epidermal 
cap/epidermal ridge complex (AER), stain heavily for AB+ 
material, AB with 0.1 X MgCl /NFR, X600. 
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basal layers of the regenerate epidermis after closure. 

Hyaluronate and PAS+ staining appeared greatest in the 

stump tissues directly beneath the regenerate epidermis 

during this period (Text Fig. 2-1, Fig. 2-20). 

Between 25-35 days after amputation, the final events 

in the initiation phase of regeneration occurred: (1) 

formation of an apical epidermal cap with associated 

epidermal ridge (designated "AEC/ER") within the regenerate 

epidermis along its distal tip from the pre- to post-axial 

borders (Fig. 2-21). (2) Transformation by the FCP into a 

"blastemal"-like population, i.e., the "sub-epidermal ridge 

blastema" (SERB), beneath the newly formed AEC/ER (Table 

2-1, Fig. 2-22). And (3) accumulation of the stiomp tissue 

mesenchymal-like cells in a position beneath the SERB with 

subsequent development of a definitive blastemal region, 

designated the "core blastema", by 35 days after amputation 

(Table 2-1, Figs. 2-23 & 2-24). 

At the end of the initiation phase of limb 

regeneration, the "stump-regenerate" complex was fully 

formed (D 9). It consisted of an apical epidermal cap with 

associated epidermal ridge (AER), a sub-epidermal ridge 

blastema (SERB), the definitive core blastema (CB), and two 

intermediate zones between the core blastema and the adult 

differentiated tissues. The first zone, designated the 

"pre-muscle blastema" (PMB), was located between the core 

blastema and the adult differentiated skeletal muscle, 

tendon, dermis, and connective tissues. The second zone. 



43 

designated the "pre-cartilage blastema" (PCB), was located 

between the core blastema and the cartilage, perichondrium, 

bone, and periosteum. 

Discussion 

Identification of specific glycosaminoglycans was 

based on the ionic affinity of the copper containing 

core-dye-molecule of Alcian Blue for tissue polyanions, 

which can be regulated by pH and the ionic concentration of 

the staining solution (Spicer, 1960; Lev and Spicer, 1954; 

Spicer and Duvenchi, 1964; Scott and Dorling, 1965; 

Quintarelli and Dellovo, 1965). Because of the great 

polydisperity in the number and type of anionic groups 

within glycosaminoglycans, specific identification was 

based on digestion with glycosidases prior to staining. 

Adaptation of these LM histochemical procedures to SEM 

X-ray elemental microanalysis enabled the determination of 

the three dimensional ultrastructure and quantitation of 

the relative amounts of glycosaminoglycans of the wound 

surface extracellular matrix. Non-sulfated 

glycosaminoglycans (hyaluronate), ionically bound to Alcian 

Blue, were measured indirectly by analysis of copper 

present. Sulfated glycosaminoglycans (chondroitin sulfates 

A&C, dermatan sulfate, and keratan sulfate) were measured 

directly by analysis of inherent sulfur in their sulfate 

ester groups. Further adaptation of the LM histochemical 
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procedures to Gold's methods (1979,1981) for the chemical 

analysis of tissue fluid glycosaminoglycans was the basis 

for quantifying glycosaminoglycan content in homogenates 

from the stump-regenerate complex. Glycoprotein 

identification was based on reactivity with the periodic 

acid-Schiff reaction (Mowry, 1963) and trypsin sensitivity 

(Markwald and Adams-Smith, 1972). 

The utilization of these procedures together with CPC 

to retain soluble matrical material during the extended 

initiation phase of regeneration unique to adult Ambystoma 

served to identify tissue and matrical entities that have 

been either identified at much later time periods during 

regeneration or never reported previously. Using 

histological techniques (i.e., hematoxylin and eosin 

staining), mesenchymal-like (blastemal) cells were 

previously reported to appear at the end of the initiation 

phase during apical epidermal cap formation and formation 

of the definitive blastema (Iten and Bryant, 1973; Tank et 

al., 1976; Young, 1977a; Stocum, 1979). The glycoconjugate 

staining procedures indicated the presence of 

mesenchymal-like cells as early as five days after 

amputation. In addition, the procedures allowed 

identification of sequential cellular and matrical 

associations not reported previously. As early as 30 min 

after amputation glycoconjugates appeared and increased 

within the neural tissues. Subsequently, hyaluronate and 

glycoproteins appeared intracellularly within the wound 
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epidermis, a filamentous hyaluronate-rich matrix, an 

epithelial-like cell layer, and a free cell population 

(FCP) appeared sequentially on the wound surface. 

Migration of the FCP was evidenced by an increase in 

sulfate-rich granules in the wound surface matrix, an event 

which immediately preceded closure of the wound by the 

epidermis. 

Although these temporal relationships between the 

glycoconjugates and the morphological activities occurred 

during the initiation phase of regeneration, they do not 

prove whether the occurrence of glycoconjugates within the 

system was casual or causal. The occurrence of 

glycoconjugates, even though temporal, might merely 

represent: (a) a more sensitive measure of regeneration 

morphology, (b) a reflection of nutrient supply to the 

wound tissues, (c) a response of the limb tissues to 

wounding (amputation), and/or (d) the response of the limb 

tissues to wound healing. But, addition of these matrical 

and cellular entities to the body of knowledge concerning 

regeneration, establishes a "fine tuning" of the 

regenerative process and the ability to separate, test, and 

assay individual events within this process. 

This study also raises particular questions concerning 

the action of the nerve on the system. For example, is the 

neural response to amputation of the limb, comprising an 

increased presence of glycoconjugates within the neural 

tissue matrices, related to neurite outgrowth and/or 
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initiation of epidermal intracellular glycoconjugate 

staining ? Previous studies have shown that blastemal 

cells respond to low levels of fibroblast growth factor 

(FGF), a low molecular weight glycoprotein, _in vitro; that 

FGF's derivation is from myelin; and that it can act as a 

mitogen on the system when released distally from the nerve 

fiber endings after transfer into the axoplasm from the 

Schwann cell (Mescher and Gospodarowicz, 1979; 

Gospodarowicz and Mescher, 1980; Mescher and Loh, 1981; 

Carlone et al., 1981; Mescher, 1983). Investigators have 

shown that neurite outgrowth in vitro is promoted by the 

presence of a sulfated proteoglycan. In addition, 

innervation to the developing cornea was greatly impaired 

when an inhibitor to glycoconjugate synthesis (DON, 

6-diazo-5-oxo-L-norleucine) was given _in. vivo (Lander et 

al-, 1982; Bee et al., 1982). Neurite outgrowth has also 

been shown to be stimulated by the presence of laminin in 

vitro (Baron-Van Evercooren et al., 1982). Furthermore, 

investigators have shown laminin to be secreted by cultured 

neuroblastoma cells and Schwann cells (Alitalo et al., 

1980). Thus these results are consistent with the 

hypotheses that axoplasmic glycoconjugates may be a 

component of the neurotrophic influence and that the 

synthesized glycoconjugates within perineurial matrices may 

influence neurite outgrowth. 

Another important question arising from this study is 

whether the wound epidermis has any influence on the 
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system. After neurite apposition, the wound epidermis 

developed glycoconjugate staining. This was followed by a 

cascading sequence of events within the limb and ended in 

wound closure, apical epidermal cap formation, and 

formation of the definitive blastema. 

One interpretation of these results is that the 

polarized intracellular epidermal staining for hyaluronate 

and glycoproteins and their apparent transposition into the 

underlying wound tissues may function to initiate and 

maintain regeneration profiles. MacCabe and collegues 

(review MacCabe and Parker, 1975; Calandra and MacCabe, 

1978; MacCabe and Parker, 1979; MacCabe and Richardson, 

1982; MacCabe et al., 1983) have shown the existance of two 

components (one of low molecular weight, trypsin sensitive, 

capable of binding concanavalin A, and the other of high 

molecular weight) isolated from developing posterior limb 

tissues. The low molecular weight (LMW) component or a 

complex of the LMW and high molecular weight (HMW) 

components (normally present within the mesodermal tissues) 

maintained developing or regenerating limb tissues in 

culture. When Streptomyces hyaluronidase was used in the 

current study to selectively degrade hyaluronate there was 

also some loss of glycoprotein staining, both 

intracellularly in the epidermis and extracellularly in the 

stump tissues. Similarly, when trypsin was used to degrade 

proteinaceous material hyaluronate staining decreased, both 

within the epidermis and the stump tissues. This suggests 
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that some hyaluronate (a high molecular weight 

polysaccharide) and glycoproteins may be in a complexed 

form, both in the epidermis and in the stump tissues. 

Other investigators (Kosher and Savage, 1981; Kosher et 

al., 1981; Singley and Solursh, 1981) have shown that the 

apical epidermal ridge synthesizes glycosaminoglycans, in 

particular hyaluronate, and secretes it into the underlying 

mesodermal tissues forming a concentration gradient of 

hyaluronate that parallels the extent of undifferentiated 

tissues within the developing limb. This further indicates 

an epidermal hyaluronate/glycoprotein complex may function 

to maintain the tissues in an undifferentiated 

"regenerative" state. 

Therefore, the results of this study show a temporal 

correlation between the identified glycoconjugates and 

morphological changes that occur during the initiation 

phase of regeneration in adult Ambystoma. Also from the 

results, there appears to be a sequential interrelationship 

between neural tissue, epidermal tissue, and 

glycoconjugates during this phase. Therefore, with future 

studies we hope to answer the question of whether the 

glycoconjugates and the morphological occurrances within 

the regenerating limb during the initiation phase are 

directly related to innervation. 



CHAPTER III 

THE EFFECT OF SELECTED DENERVATIONS ON GLYCOCONJUGATE 

COMPOSITION AND TISSUE MORPHOLOGY DURING THE INITIATION 

PHASE OF REGENERATION IN ADULT AMBYSTOMA 

Introduction 

The presence of neural tissue elements and a 

stimulated epidermis (e.g., apical epidermal cap) are 

necessary for amphibian limb regeneration (Wallace, 1981). 

In adult newts. Singer (1946b, 1947a, 1952) has shown that 

regeneration occurs if 50% or more of the normal nerve 

supply is intact, but never if less than 30% of the nerve 

supply remains. Within this 30% to 50% range, there is a 

linear correlation between the percentage of innervation 

and the frequency of regeneration. In addition, the 

ability to regenerate a limb is independent of whether the 

nervous supply is composed of motor, sensory, or 

sympathetic fibers (Singer, 1942, 1943, 1945). 

Subsequent studies (Lebowitz and Singer, 1970; Ilan 

and Singer, 1975; Singer and Ilan, 1977) indicated that 

neural tissue maintained the system during the initiation 

and growth phases of limb regeneration with an accompanying 

stimulation of DNA, RNA, and protein synthesis in both the 

epidermal and blastemal tissues. Complete denervation 

anytime durinq these two phases inhibited this synthesis 
49 
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and was followed by degeneration of the tissue elements. 

Complete denervations performed during the last phase of 

regeneration (redifferentiation) did not cause degeneration 

of the tissue elements, but the resultant limb was of 

smaller proportions than the original (Bryant et al., 1971; 

Morzlock and Stocum, 1972; Singer and Caston, 1972; Bantle 

and Tassava, 1974; Bast et al., 1979). 

In larval salamanders, Thornton (1954, 1957, 1958, 

1960b) had shown that if the apical epidermal cap (AEC) was 

removed, regeneration was delayed until a new cap formed. 

Manipulation of the AEC to an eccentric position on the 

limb resulted in an eccentric regenerated limb. 

Transplantation of the AEC to an ectopic site resulted in 

the formation of a limb at that site and counts of 

metaphase plates showed that cell division was greatest in 

those tissues directly beneath the AEC. From these and 

subsequent studies, Thornton (1958) theorized that the AEC 

controlled the formation, maintenance, proliferation, and 

subsequent outgrowth of the blastema during the initiation 

and growth phases of regeneration. 

It has also been shown that intracellular and 

extracellular matrical glycoconjugates (i.e., 

glycosaminoglycans and glycoproteins) appear within the 

limb tissues after amputation and that their presence is 

modulated during the three phases of regeneration (Toole 

and Gross, 1971; Toole, 1973; Smith et al., 1975; Young et 

al., 1983d,e). More recently (Young et al., 1983f), we 
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have shown a temporal relationship between matrical 

glycoconjugates and the regeneration morphology during the 

neurogenically intact initiation phase of regeneration. 

To understand further the neural and epidermal 

influences during regeneration, this study was designed to 

determine if variations in the quantity of neural tissue 

modified either epidermal and/or stump tissue matrical 

glycoconjugates and morphology during the initiation phase 

of regeneration. I report here that parallel temporal 

correlations existed between matrical glycoconjugates and 

the regeneration morphology from both epidermis and stump 

tissues, in all cases analyzed. When denervation was 

performed prior to amputation, a linear correlation between 

the extent of innervation and the extent of 

regeneration-morphology, including matrical 

glycoconjugates, occurred. If denervation was performed 

anytime after amputation, normal regeneration-morphology 

and matrical glycoconjugates were present for a time 

regardless of the amount of innervation to the limb. 

Materials and Methods 

Postmetamorphic adult Ambystoma maculatiom salamanders 

were obtained from Sullivan's Amphibians (Nashville, TN) 

and maintained in terraria under conditions suitable for 

complete regeneration in this species (Young et al., 

l')SJa). Tlû  salamanders wore acclimated to the laboratory 
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environment and then randomly separated into two groups. 

Salamanders in both groups underwent unilateral amputation 

of the left forearm while the right forearm remained intact 

as the unoperated control (Young et al., 1983f). Partial 

to complete denervations were performed on the first group 

of salamanders seven days before amputation and on the 

second group at time intervals of 0 (30 min after 

amputation) and at 2, 4, 5, & 9 days after amputation. 

The operational procedures for partial and complete 

denervations entailed double anesthetization in ice cold {4° 

C) amphibian anesthetic, consisting of 50 mg/ml Tricaine 

methane sulfonate (MS-222, Sigma) in 10% Holtfreter's 

solution (Young et al., 1983b). Each salamander was 

removed from the anesthetic and placed on a bed of crushed 

ice after continued probing elicited no response. On the 

left side a diagonal incision was made through the skin, 

starting at the middle of the scapula and extending 

approximately 3 mm caudal to the scapula. Subsequent 

retraction of the skin and underlying muscles exposed the 

pattern of innervation. Three spinal nerve bundles form a 

brachial plexus-like arrangement before innervating the 

upper extremity (Young et al., 1983b). Partial and 

complete denervations were accomplished by removing a 2-3 

mm segment from each spinal nerve bundle proximal to the 

plexus. The denervations were performed as follows. A 

sham operation was performed in which the separate nerve 

bundles were isolated from the surrounding tissue, but no 
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nerve bundles were severed. This was designated as "zero 

nerves severed". A segment of nerve was removed from the 

caudal nerve bundle and designated as "one nerve severed". 

When segments from the caudal and middle nerve bundles were 

removed, it was designated as "two nerves severed". And 

when segments were removed from all three bundles, it was 

designated as "completely denervated" or "three nerves 

severed". The muscle and skin were then replaced over the 

operational field and the skin sutured in place using 9-0 

black braided silk suture (Deknatel, George Tiemann, NY) 

with a 1/2 circle, cutting edge, size #4 corneal needle 

(Miltex, Roboz Surgical Co., WA D.C.). The right limb 

remained intact as the unoperated control. Each 

salamanader was then placed in 2 ml of 1% methylene 

blue/100 ml concentrated Holtfreter's solution (Hamburger, 

1969; Young et al., 1983b) for a minimum of 30 min to 

prevent bacterial contamination, and then returned to 

terraria. 

At predetermined time intervals of 30 min to 35 days 

after amputation (Young et al., 1983f), the salamanders had 

their limb tissues harvested bilaterally, prepared for 

chemical analyses and LM histochemistry, and visually 

assayed for glycoconjugate composition and tissue 

morphology as described by Young et al. (1983f). 
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Results 

Specific epidermal and stump tissue "responses" were 

sequentially analyzed to ascertain whether variable 

quantities of nervous tissue affected the matrical 

glycoconjugates and/or regeneration morphology. Epidermal 

or its associated responses included: (1) intracellular 

epidermal hyaluronate and glycoproteins; (2) the number of 

cell layers in the epidermis first surrounding (e.g., 

"regenerate epidermal cuff") and then covering the wound's 

surface; (3) formation of hyaluronate, chondroitin 

sulfates, and a migrating (free) cell population on the 

wound surface; (4) the day the epidermis began to move 

across the wound's surface matrix and the day it ended; and 

(5) a transposition of glycoconjugate staining from the 

basal borders of the epidermis to the underlying stump 

tissues. Stump tissue "responses" included: (1) 

degeneration of stump tissues and (2) extracellular 

alcianophilic material and mesenchymal-like cells (e.g., 

"regeneration profiles") within the stump tissues. 

Finally, epidermal and stump tissues exhibited different 

responses depending on whether denervation was performed 

before or after amputation. Also, the dependency on the 

extent of innervation varied according to whether 

amputation followed or preceded denervation. 

Denervation performed before amputation decreased 

epidermal responses linearly as increasing numbers of nerve 
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bundles were severed (Table 3-1). For example, there was a 

decrease of glycoconjugates; a delay in the time period 

that wound closure began and ended; and a decrease number 

of cell layers in both the regenerate epidermal cuff and 

the epidermis overlying the wound surface. Within stump 

tissues, loss of two or three nerve bundles completely 

inhibited their responses (Table 3-2). When one nerve 

bundle was severed, the stump tissue responses were 

present, but diminished (Table 3-2). The ability of the 

limb to maintain the normal regeneration-sequence on 

schedule paralleled the above response of the st\imp tissues 

to decreasing quantities of nervous tissue (Table 3-2). 

Glycoconjugates (i.e., hyaluronate, chondroitin sulfates, 

and keratan sulfate) were assayed chemically comparing 

completely innervated to completely denervated limbs. 

Within the innervated limb, hyaluronate content was the 

highest at five days and then leveled off after seven days; 

chondroitin sulfate content was highest at ten days and 

then leveled off; and keratan sulfate content increased 

steadily throughout the time period examined (Text Figs. 

3-1 to 3-3). In the limbs denervated before amputation 

both hyaluronate and chondroitin sulfate contents remained 

at or near control levels, while keratan sulfate content 

peaked at 15 days after amputation (Text Figs. 3-1 to 3-3). 

When denervation was performed after amputation, there 

was no discernible difference for a period of time in 

either the amount of glycoconjugate or morphological 
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Table 3-1 

Histochemical and Morphological Results Obtained From 
Removing 0, 1, 2, & 3 Nerve Bundles, Seven Days 

Prior to Amputation 

Results Number of Nerve Bundles Severed 

0 1 2 3 

Epidermal Hyaluronate +++ ++ + 

Epidermal Glycoproteins +++ ++ + 

Day Wound Closure Begins 10 

Day Wound Closure Completed 20 

Cell Layers in Regenerate 
Epidermal Cuff 10-12 

Cell Layers in Epidermis 
Overlying Wound Surface 10-12 8-10 

+++ = present; ++ = slight decrease; + = great decrease; 
= absent. 

11 

25 

-10 

-10 

13 

27 

5-7 

3-4 

15 

35-70+ 

3-4 

1-2 
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Table 3-2 

Histochemical and Morphological Results From Removing 
0, 1, 2, & 3 Nerve Bundles, Seven Days Prior to Amputation 

Results Number of Nerve Bundles Severed 

0 1 2 3 

Translocation of Epidermal 
Hyaluronate & 
Glycoproteins ++ + _ _ 

Regeneration Profiles (*) ++ + - -

Stump Tissues Degenerate ++ + - -

Wound Surface Hyaluronate ++ . + - -

Free Cell Population ++ + _ _ 

Chondroitin Sulfate 
Granules ++ + _ _ 

Sub-epidermal Ridge 
Blastema ++ + _ _ 

Regeneration Sequence # 0 0/- 0/-

++ = present; + = decreased; - = absent; # = regeneration 
on schedule; 0 = regeneration delayed; 0/- = regeneration 
delayed to absent. 

* Regeneration Profiles = extracellular alcianophilic 
material and mesenchymal-like cells within stump tissues. 
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Text Figures 3-1 & 3-2. Animals were either sham operated 

(innervated) or completely denervated seven days prior to 

amputation. Each point represents the mean values from 

five limbs per run, done in triplicate. Bars denote the 

standard deviations from the mean. Statistical analysis 

was performed by the Paired Student's-T Test of the means, 

comparing innervated versus denervated values for each time 

period: "a" = statistically significant P-value 0.05; "b" 

= statistically significant P-value 0.01; and "c" = 

statistically significant P-value 0.001. 

Text Figure 3-1. Total Hyaluronate. Chemical analysis of 

total hyaluronate within the stiomp-regenerate complex from 

time zero (30 min after amputation) to 25 days after 

amputation. 

Text Figure 3-2. Total Chondroitin Sulfates. Chemical 

analysis of total chondroitin sulfates within the 

stump-regenerate complex from time zero (30 min after 

amputation) to 25 days after amputation. 
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Text Figure 3-3. Total Keratan Sulfate. Chemical analysis 

of total keratan sulfate within the stump-regenerate 

complex from time zero (30 min after amputation) to 25 days 

after amputation. Animals were either sham operated 

(innervated) or completely denervated seven days prior to 

amputation. Each point represents the mean values from 

five limbs per run, done in triplicate. Bars denote the 

standard deviations from the mean. Statistical analysis 

vas performed by the Paired Student's-T Test of the means, 

coMparing innervated versus denervated values for each time 

period: "a" = statistically significant P-value 0.05. 
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responses of epidermal or stump-tissues when either zero, 

one, two, or three nerve-bundles were severed (Tables 3-4 

to 3-6). Instead, their respective responses appeared 

somewhat independent of the extent of innervation to the 

limb. When complete denervation of the limb was performed 

after amputation, matrical glycoconjugates and 

regeneration-profiles were continuously identifiable within 

the limb for up to ten days after the neural elements were 

no longer histologically detectable within the limb (Table 

3-3). The degree of competency for the limb to maintain 

the regeneration-morphology (Tables 3-4 to 3-5) on schedule 

paralleled the occurrance of glycoconjugates within the 

system (Table 3-6). As long as glycoconjugates and the 

regeneration-morphology were present, the 

regeneration-sequence was on schedule, with loss of both, 

the sequence was delayed. 

Discussion 

In the previous study (Young et al., 1983f) we showed 

a temporal relationship between matrical glycoconjugates 

and the regeneration-morphology within limbs of 

neurogenically intact adult Ambystoma undergoing the 

initiation phase of limb regeneration. Since neural and 

epidermal tissues have been shown as important influences 

during regeneration (Thornton, 1970; Singer, 1978; Carlson, 

1982; Tassava and Olson, 19H2), tliis study was undertaken 
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Table 3-3 

Morphological and LM Histochemical Results From Complete 
Denervations (3 Nerve Bundles Removed) Performed at 

0, 2, 4, 6, & 9 Days After Amputation 

Day of 
Dener
vation 

0 

2 

4 

6 

9 

Day at 
Neural 
Were : 

7 

9 

11 

13 

16 

Which 
Elements 
Lost 

Day at Which 
Regeneration 
Profiles * 
Were Lost 

17 

18 

19 

20 

21 

Day at Which 
Hyaluronate & 
Glycoproteins 
Were Lost 

17 

18 

19 

20 

21 

* Regeneration profiles = extracellular alcianophilic 
material and mesenchymal-like cells within the stump 
tissues. 
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Table 3-4 

LM Histochemical and Morphological Results From Removing 
0, 1, 2, & 3 Nerve Bundles, Two Days After Amputation 

Results Number of Nerve Bundles Severed 

0,1,2 • 3 

Days After Amputation 0-35 0-9 10-17 18-35 

Epidermal Hyaluronate +++ 

Epidermal Glycoproteins +++ 

Regeneration Profiles (*) +++ 

Stump Tissues Degenerate +++ 

+++ ++/+ 

+++ +++ 

+++ +++ NA 

+++ = present; ++/+ = slight to great decrease; - = absent; 
NA = not applicable. 

* Regeneration Profiles = extracellular alcianophilic 
material and mesenchymal-like cells within stump tissues. 
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Table 3-5 

LM Histochemical and Morphological Results From Removing 
0, 1, 2, & 3 Nerve Bundles, Two Days After Amputation 

Results Number of Nerve Bundles Severed 

0 1 2 3 

Days After Amputation 0-35 0-35 0-35 0-17 18-35 

Translocation of Epidermal 
Hyaluronate & 
Glycoproteins ++ ++ ++ ++ 

Wound Surface Hyaluronate ++ ++ ++ ++ +/-

Free Cell Population ++ ++ ++ ++ +/-

Chondroitin Sulfate 
Granules ++ ++ ++ ++ +/-

Sub-Epidermal Ridge 
Blastema ++ ++ ++ NA 

++ = present; +/- = decreased to absent; NA = not 
applicable; - = absent. 
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Table 3-6 

Morphological Results From Removing 0, 1, 2, & 3 
Nerve Bundles, Two Days After Amputation 

Results Number of Nerve Bundles Severed 

Days After Amputation 0-35 0-35 0-35 0-17 18-35 

Day Wound Closure Begins 10 10 10 10 NA 

Day Wound Closure 
Completed 20 20 20 NA 30 

Cell Layers in Regenerate 
Epidermal Cuff 10-12 10-12 10-12 10-12 3-4 

Cell Layers Overlying 
Wound Surface 10-12 10-12 10-12 10-12 1-2 

Regeneration Sequence + + + + 0/-

NA = not applicable; -t- = on schedule; 0/- = delayed to 
absent. 
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to assess the effects of various quantities of neural 

tissue on the previously reported matrical 

glycoconjugate/regeneration morphology temporal 

relationship. By removing variable quantities of neural 

tissue, both before and after amputation, we proposed to 

determine the full affects of the neural influence on 

matrical-glycoconjugates and the regeneration-morphology. 

Wound closure occurred regardless of the degree of 

innervation to the limb or whether denervation was 

performed before or after amputation. Within the 

innervated limb, it began after the appearance of 

chondroitin sulfate granules within the wound surface 

matrix and coincided (exactly to the day) with the highest 

content of chondroitin sulfate within the system (compare 

Table 3-1 with Fig. 3-2). The onset of wound closure in 

the denervated limb coincided with the highest content of 

keratan sulfate within the system (compare Table 3-1 with 

Fig. 3-3). Although these results are not conclusive, they 

suggest a correlative relationship between epidermal 

movement and presence of some form of sulfated 

glycoconjugate within the system. Within the innervated 

limb, the presence of the chondroitin sufates coincided 

with the presence of the free cell population. Since 

neither the free cell population nor the chondroitin 

sulfates were present in the denervated limb, (although not 

conclusive) it is suggestive? that the free cell population 

may deposit chondroitin sulfates .is tlie cells move through 
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the wound surface matrix. Within the denervated limb, 

there was no parallel occurrence between the keratan 

sulfate and a particular cell population (similar to the 

parallel occurrence for chondroitin sulfates and the free 

cell population), suggesting synthesis was probably not a 

possible origin of keratan sulfate under these conditions. 

Cartilage, present within this system, contains a high 

percentage of keratan sulfate within its extracellular 

matrix (Young et al., 1983d). This suggests a possible 

origin for the high levels of keratan sulfate in the 

denervated limb, i.e., from degenerating cartilage. 

Results from denervations performed before amputation 

(Tables 3-1 & 3-2) suggest that a threshold level of 

nervous tissue is necessary for both 

glycoconjugate-response of the epidermis and 

regeneration-morphology response of the stump-tissues. 

This supports earlier reports by Singer and co-workers 

(Singer, 1945; Singer and Egloff, 1949; Singer, 1952; 

Sidman and Singer, 1950) that a threshold-quantity of 

nervous tissue is needed for limb-regeneration in the newt. 

In the present study it appears that a minimum of two 

nerves is needed to support the regeneration-schedule in 

the adult Ambystoma. Additionally, gradient-type responses 

of the epidermal glycoconjugates to varying quantities of 

nervous tissue (Table 3-1) supports the premise (Singer, 

1974) that a quantitative amount of neurotrophic substance, 

emanating from the nervous tissue controls the regenerative 
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processes within the limb. 

Results from denervations performed after amputation 

(Tables 3-3 to 3-5) suggest that regeneration-morphology 

within the underlying stump-tissues will continue even in 

the absence of neural tissue if epidermal glycoconjugates 

have been stimulated to form and are present, even at low 

levels, within the system (Tables 3-4 & 3-5). Once 

epidermal glycoconjugates are lost from the system, the 

regeneration-morphology disappears, and the 

regeneration-sequence is delayed (Tables 3-4 to 3-5). This 

coincides with the studies of Thornton and co-workers 

(Thornton, 1954, 1956a, 1956b, 1957; Thornton and Steen, 

1962; Thornton and Tassava, 1969; Thornton and Thornton, 

1965, 1970) which show that a stimulated epidermis, in the 

form of an apical epidermal cap, can maintain underlying 

(forming blastemal) tissues within the regenerative state 

with or without the presence of nervous tissue. Results 

from the present study show that when denervations were 

performed after amputation, glycoconjugate-presence and 

regeneration-morphology from denervated limbs were 

indistinguishable with their respective counterparts from 

completely innervated limbs (Tables 3-4 to 3-5). In 

addition, the continued presence of glycoconjugates and 

regeneration-morphology for variable periods of time (5-10 

days, see Table 3-3) even after loss of neural elements 

from completely denervated limbs supports the theory 

(Thornton, 1970) that the apical epidermal cap appears 
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responsible for controlling the formation, proliferation, 

and direction of outgrowth of the "definitive" blastema. 

Thus this continued correlative relationship between 

matrical glycoconjugates and the regeneration-morphology is 

a demonstration that epidermal glycoconjugates may be 

directly involved with the regeneration process. 



CHAPTER IV 

SUMMARY AND CONCLUSIONS 

Principle Findings 

The results presented in this dissertation (Chapters 

II & III) show distinct correlations, both in time and 

location, between the matrical glycoconjugates (i.e., 

glycosaminoglycans and glycoproteins) and the 

positional/morphological changes occurring within the 

nervous, epidermal, and other limb tissues during the 

initiation phase of regeneration in adult Ambystoma. In 

addition, with experimental manipulation of the nervous 

tissue, both before and after amputation and assaying for 

matrical glycoconjugates and regeneration morphology, the 

following was noted. (1) Wound closure occurred within the 

system regardless of the state of innervation and 

paralleled the presence of sulfated glycosaminoglycans 

within the limb (i.e., presence of chondroitin sulfates in 

an innervated limb and presence of keratan sulfates within 

a denervated limb). (2) A threshold-level of nervous tissue 

is necessary to initiate both the glycoconjugate-response 

of the epidermis and the regeneration-response of the 

stump-tissues. (3) The regeneration-morphology within the 

stump-tissues will continue even in the absence of neural 

tissue if epidermal glycoconjugates have been stimulated to 
71 
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form and are present, even at low levels, within the 

system. Once epidermal glycoconjugates are lost from the 

system the regeneration-morphology disappears and the 

regeneration-sequence is delayed. Thus, the competency for 

the limb to maintain the regeneration-morphology on 

schedule, paralleled the occurrance of glycoconjugates 

within the system. 

It has been shown that a "threshold-quantity" of 

nervous tissue (Singer, 1978) and an "apical epidermal cap" 

or stimulated epidermis (Thornton, 1968) must be present 

for the initiation and subsequent regeneration of a limb. 

Currently, there are two schools of thought debating 

whether the neural tissue or a stimulated epidermis is the 

most important factor for the initiation of limb 

regeneration in all species, those species known to retain 

the capacity to completely regenerate a limb (such as 

urodele amphibians) and those species where the capacity to 

fully regenerate a limb has not been shown (such as 

mammals). 

Carlson (1982) proposed that the responsiblity for 

regeneration of a limb relies solely with the "quality" 

(threshold quantity) of neural tissue within the organism. 

The experiments performed consisted of transplanting a cuff 

of adult frog limb skin to the limb of an axolotl, 

amputating the limb through the transplant, and then 

examining the resultant regenerating portions. The results 

showed that in greater than 80% of the cases. 
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frog-epidermis, stimulated by axolotl nervous tissue, could 

support and maintain axolotl blastemal tissue in the limb. 

It has been shown that adult frogs lose the capacity to 

regenerate a limb at metamorphosis (Scadding, 1981) while 

axolotls retain the capacity (Tank et al., 1976). Thus, it 

was theorized that since frog-epidermis was capable of 

supporting regeneration, the inability of adult frogs to 

regenerate rested with the inadequacy of the nervous 

tissue. And therefore, the entity that determines the 

ability of an organism to regenerate is the nervous tissue. 

Alternatively, Tassava and Olsen (1982) proposed that 

the responsibility for regeneration of an appendage rests 

solely with the competency of the epidermis to respond to 

the neural influence (by becomming stimulated) and then 

maintaining the underlying tissues within the regenerative 

state. The experiments consisted of transplanting a 

neurogenically stimulated apical epidermal cap (AEC) to a 

denervated/amputated limb and examining the tissues for 

support and maintenance of the blastemal tissues. The 

results showed that, in greater than 95% of the cases, the 

transplanted AEC would support blastemal tissues for 

periods of time within completely denervated limbs. It was 

theorized that since the AEC could support regeneration 

without neural influence, the ability of an organism to 

regenerate rested with the competency of its epidermis to 

respond to the neural influence and become stimulated. 

The results presented in Chapter III offer a third 
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alternative concerning the influence of neural tissue and a 

stimulated epidermis on the initiation of regeneration. 

The results suggest that both are equally important durinq 

the initiation phase, but are dependent more on the time 

course during this period in which they appear. A possible 

hypothesis, of neural tissue interacting with epidermis, is 

as follows. Immediately after amputation of an innervated 

limb, a threshold level of neural tissue initiates the 

process of regeneration by stimulating the epidermis. Once 

stimulated, the epidermis maintains the underlying tissues 

in a regenerative state. Subsequent maintenance of the 

stimulatory activity of the epidermis can then be supplied 

by a subthreshold quantity of nervous tissue. Thus, the 

nervous tissue is needed initially for activation of 

regeneration and later for maintenance of the regenerative 

state, while the stimulated epidermis is needed to control 

the subsequent regenerative processes. 

This raises the question as to what mechanism(s) the 

neural and epidermal tissues are usinq to initiate and 

control the regenerative processes within the limb. 

Current studies have involved attempting to isolate the 

postulated "factors" controling these regenerative 

processes. During isolation the substances have been 

reapplied to in. vivo or ija vitro systems and assayed for 

their competency in restoring or stimulating the 

regenerative processes (review Wallace, 1981; Fallon and 

Caplan, 1983; Kelley et al., 1983). 
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To date, numerous "neurotrophic factors" have been 

isolated from a variety of normal and degenerating nervous 

tissue (review Mescher, 1983), These substances have been 

shown to have a wide variety of effects dependent on the 

assay systems used. These effects include congregation of 

acetylcholine receptors on cultured muscle, regulation of 

muscle acetylcholinesterase activity, stimulation of 

myogenesis, stimulation of DNA synthesis in cultured Balb/c 

3T3 cells, division and fusion of myoblasts, mitogenic 

activity on denervated regenerates of newt limbs, and 

stimulation of protein synthesis and mitogenesis in 

cultured newt blastema (Oh, 1975; Gospodarowicz et al., 

1976; Singer et al., 1975; Singer, 1978; Mescher and 

Gospodarowicz, 1979; Choo et al., 1981; Lentz et al., 1981; 

Popiela and Ellis, 1981; Markelonis et al., 1982; Yachnis 

and Mescher, 1982; Globus et al., 1983; Mescher, 1983). 

Factors emanating from the stimulated epidermis (i.e., 

apical epidermal cap, apical epidermal ridge) have also 

been isolated and reapplied to the system in culture 

(MacCabe et al., 1983; Solursh, 1983). Results from these 

studies have shown that the factor(s) can cross filters up 

to 150 um, delay differentiation, increase mitotic labeling 

indices, and maintain blastemal cells in culture. 

My examination of the mechanism(s) involved in 

controlling limb regeneration have taken an alternative 

approach. Beginning with the premise that matrical 

glycoconjugates have been shown to influence developmental 
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processes such as migration, proliferation, cell 

attachment, and differentiation (review Hay, 1981; Bissell 

et al., 1982; Fallon and Caplan, 1983; Kelley et al., 

1983), histochemical and chemical analyses were performed 

to determine if glycoconjugates existed within the system 

and if so, was there any relationship between their 

presence and the normally occurring regeneration 

morphology. The results presented here show evidence for 

the presence of both matrical-glycoconjugates and 

regeneration-morphology during the initiation phase of limb 

regeneration. And, in addition, that both entities 

parallel each other with respect to the influence of the 

nerve and the influence of the epidermis on the 

regenerating system. 

Proposed Model 

From the studies outlined in the dissertation, there 

appears to be two separate major events that are occurring 

simultaneously within the limb. The first is wound 

closure, which appears not to be dependent on the 

innervative state of the limb. The second is regeneration 

of the tissue elements, which appears initially dependent 

on a threshold level of nervous tissue; later, however, the 

process appears to rely on minimal amounts of.nervous to be 

self-sustaining. The proposed model, discussed below, 

concerns the second major event within the limb, e.g.. 
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regeneration of the tissue elements. The model is based on 

studies by this investigator and others, and is a working 

model of the interactive processes during the initiation 

phase of (limb) regeneration. From this working model, 

questions can now be asked as to the specific roles of 

neural tissue, epidermis, glycoconjugates, stump tissues, 

etc. during regeneration and tested to determine if the 

model is a valid representation of the actual processes. 

Since normal maintenance of body tissues appears to be 

a "scaled-down" version of regeneration, this working model 

explains the interrelationship of both normal maintenance 

and regeneration of limb (body) tissues. The major 

processes inherent to this model for regeneration are shown 

in Fig. 4-1. 

A. Normal Maintenance of Limb (Body) Tissues 

"Progenitor" cells (i.e., undifferentiated cells, or 

cells arrested in the G2 phase of the cell cycle, etc.) 

occur amongst the connective tissue elements of the limb. 

These progenitor cells contain cell surface binding sites 

for (as yet unidentified) glycoprotein(s). Other 

participants in this process are neural glycoproteins and 

hyaluronate which are continously secreted in low amounts 

into the surrounding tissues. During normal maintenance, 

tissue turnover occurs when old cells, tissues, etc. wear 

out and ar^' n^plact^d by cells from the progenitor cell 

population. The process occurs as follows. The progenitor 

cells are continously bombarded by low levels of neural 
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Figure 4-1. Regeneration Model. In the first panel, GP = 

glycoproteins, HA = hyaluronate, and GP-HA -

glycoprotein-hyaluronate complexes. Brickwork structure is 

overlying stump epidermis; large "Y"-shaped structure is a 

nerve bundle; circular cells are "progenitor" cells; small 

"Y"-shaped structures (2 each) on progenitor cells are 

glycoprotein binding sites. In the second panel, the stump 

epidermis thickens and intracellular epidermal staining 

appears for hyaluronate (superficial layers) and 

glycoprotein-hyaluronate complexes (basal layers). 

"Stellate''-shaped (mesenchymal-like) cells appear with 

increased number of binding sites on cell surface for 

glycoprotyein, hyaluronate, chondroitin sulfate, and 

keratan sulfate compounds. In the third panel, increased 

numbers of mesenchymal-like cells appear and a secretion of 

hyaluronate and glycoprotein-hyaluronate complexes from the 

epidermis into the underlying tissues occurs. In the 

fourth panel, the epidermis continues to thicken and retain 

intracellular hyaluronate and glycoprotein-hyaluronate 

complexes. Increased numbers of mesenchymal-like cells 

appear and begin to condense beneath the epidermis. 
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glycoproteins and hyaluronate. When a threshold number of 

glycoprotein binding sites are occupied on the progenitor 

cell, they are stimulated to transform into 

"mesenchymal"-like cells (i.e., "undifferentiated"-looking 

"embryonic"-like cells). During this transformation 

additional cell surface structures are activated, such as 

cell surface enzymes (hyaluronidase) and additional binding 

sites (for hyaluronate and additional macromolecules, i.e., 

sulfated proteoglycans, glycoproteins, large and/or small 

molecular weight proteins, lipids, steroids, etc.). This 

activation of cell surface components may occur by either 

unmasking preformed areas on the cell surface or the 

synthesis of new components. Neural hyaluronate binding to 

sites on the cell surface mask potential binding sites for 

other macromolecules, and also allows the cell to 

proliferate. Once the number of cells needed to replace 

the worn out cells are obtained, cell surface hyaluronidase 

degrades the hyaluronate unmasking additional sites and 

allows binding of macromolecules that cause differentiation 

into the preferred cell type. 

B. Regeneration of Limb Tissues 

The participants are virtually identical to those 

above, with the addition of epidermal glycoconjugates to 

the system. With amputation of the limb, one or more nerve 

processes are cut. This stimulates increased levels of 

both glycoproteins and hyaluronate within the nervous 

tissue, which ultimately find their way to the axoplasm. 
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and flow out into the surrounding tissues (in much higher 

amounts). This increased quantity of neural 

glycoconjugates stimulate multiple events: (1) stimulates 

the epidermis surrounding the wound site to increase in 

thickness and to begin synthesizing its own hyaluronate and 

glycoproteins; (2) increases the number of progenitor cells 

transforming into mesenchymal-like cells; and (3) 

stimulates the activity of an endogenous hyaluronidase 

inhibitor to shut down the activity of the mesenchymal-like 

cell-surface hyaluronidase enzyme. This allows neural 

hyaluronate to bind to the mesenchymal-like cell surface 

and promotes an environment for maintenance of an 

undifferentiated state. The stimulation of the 

hyaluronidase inhibitor's activity may occur by stimulating 

protein synthesis to form more inhibitor, a factor that may 

unmask more inhibitor, and/or a cofactor to increase the 

activity of the inhibitor. 

Within a short period of time, the stimulated 

epidermis begins secreting massive quantities of 

hyaluronate, glycoproteins, and hyaluronate/glycoprotein 

complexes into the underlying stump tissues. This wave of 

epidermal glycoconjugates moves from the stimulated wound 

epidermis into the more proximal adult tissues where the 

excess is removed by the vascular supply. This then sets 

up a concentration gradient of epidermal glycoconjugates 

within the limb. As these epidermal glycoconjugates come 

into contact with more proximally located progenitor cells. 
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the cells become transformed into the mesenchymal-like 

cells and the accompanying hyaluronate (with the assistance 

of the hyaluronidase inhibitor) binds to the cell surface, 

allowing maintenance of the undifferentiated state. During 

this period there is a tremendous increase in the number of 

mesenchymal-like cells, both within the stump tissues 

directly beneath the epidermis and also in the more 

proximal stump tissues. 

As the above transformation continues, 

mesenchymal-like cells begin to migrate to an area with the 

highest concentration of hyaluronate (occurring directly 

beneath the stimulated epidermis). The cells become 

surrounded by a hyaluronate coat, lose their contact 

inhibition, and begin proliferating to form a large mass of 

continually dividing cells. A multifactorial increase in 

the number of mesenchymal-like cells occurs during this 

period. While the processes of progenitor cell 

transformation, migration, and proliferation continues, a 

mass of mesenchymal-like cells "push" the overlying 

stimulated epidermis forward, causing an outgrowth of the 

complex. 

During this outward "growth", mesenchymal-like cells 

within the proximal stump tissues become further removed 

from the stimulated epidermis and the concentration of 

hyaluronate (and hyaluronidase-inhibitor) surrounding the 

cells decreases. The cells regain their contact inhibition 

and stop dividing. The cell-surface bound hyaluronidase. 
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free of its inhibitor, begins to degrade the hyaluronate 

bound to the cell surfaces. This process rids the cell 

surface of hyaluronate and unmasks additional binding 

sites, which can then bind other macromolecules (i.e., 

proteoglycans, glycoproteins, proteins, steroids, lipids, 

etc. ) . 

If the majority of the cell surface proteoglycan 

binding sites are filled with chondroitin sulfate moieties, 

the cell will differentiate along the lines of "soft" 

tissues, i.e., skeletal muscle, skeletal connective tissue, 

tendon, dermis, loose fibrous connective tissue. 

Alternatively, if the sites are filled predominantly with 

keratan sulfate moieties, the cell will differentiate into 

"hard" tissues, i.e., perichondrium, cartilage, periosteum, 

bone. 

The processes encompassing limb regeneration and the 

factors controlling the processes have constituted a major 

"puzzle" to scientific investigators for over 200 years. 

Since Spallanzini (1759) noted that newts will continue to 

regenerate their limbs even after repeated amputation, 

investigators have been identifying individual pieces of 

the regeneration puzzle. The model, proposed above, is 

based on reports concerning the mechanisms controlling the 

processes, with each report being a piece or several pieces 

of the puzzle. 

Progenitor cells, in this model, have been postulated 

as normal residents within adult connective tissues. 
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Carlson (1975a) reported the presence of 

"undifferentiated"-like cells residing in the connective 

tissue matrices of adult skeletal muscle. His experiments 

showed that after extirpation of adult muscle, these cells 

would proliferate and differentiate into the majority of 

the missing muscular elements. The present investigator, 

in pilot TEM studies of control and initiation phase limb 

buds from adult salamanders, noted the existence of an 

"embryonic-mesenchymal-like" cell type dispersed among the 

connective tissue elements of the limb (unpublished). And, 

in Chapter II, "mesenchymal"-like cells were shown either 

within or nearby loose fibrous connective tissue and 

perichondrium (Figs. 2-10, 2-12 & 2-13). 

Neural tissue glycoconjugates have been postulated 

here as being present within the system and an integral 

part of the factors controlling these processes. Young et 

al. (1983d,e,h) reported the presence of low levels of 

glycoproteins and hyaluronate within the neural tissue 

prior to amputation of the limb and at greatly increased 

levels after amputation. Similarly, Chapter II reports the 

existence of increased levels of hyaluronate and 

glycoproteins within the axoplasm during the first hour 

after amputation. Mescher (1983) has reported that 

fibroblast growth factor, a low molecular weight 

glycoprotein derived from degenerating myelin, will 

maintain and stimulate newt blastemal cells in culture. 

And Singer (1978) reported th.at an isolated (low molecular 



85 

weight, trypsin sensitive, heat labile) compound from 

neural tissue would stimulate in denervated newt limbs DNA, 

RNA, and protein synthesis to about 50% level of that found 

in innervated newt limbs. 

The presence of hyaluronate, cell surface 

hyaluronidase, and an endogenous hyaluronidase-inhibitor 

have been postulated as a possible regulatory mechanism for 

gain/loss of contact inhibition; masking/unmasking cell 

surface binding sites for controlling maintenance of an 

undifferentiated/differentiated state; proliferation; and 

migration. Toole and coworkers (Toole and Gross, 1971; 

Toole, 1973; Smith et al., 1975) have reported the 

existence of an endogenous hyaluronidase that fluctuated in 

its activity during the different phases of regeneration. 

The activity of this enzyme was high during the control and 

redifferentiation phases; lowest during the initiation 

phase; and somewhat depressed during the growth phase. 

This investigator has noted the presence of an 

endogenous-hyaluronidase-inhibitor that fluctuated in its 

activity during the phases of regeneration. Its activity 

appeared to be reciprocal to the activity reported for the 

enzyme, i.e., highest activity occurred during the 

initiation phase, then the growth phase, and lowest 

activity levels were measured during the redifferentiation 

and control phases (unpublished). As to the location of 

the hyaluronidase enzyme within the system, Orkin and Toole 

(1978) have reported the existence of mesenchymal 
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cell-surface hyaluronidase. Similarly, Banerjee and 

Bernfield (1982) have reported the existence of a neutral 

cell-surface hyaluronidase involved with salivary gland 

morphogenesis. 

Within this model, the epidermis surrounding the 

amputation site has been postulated to become stimulated by 

the neural tissue and begin producing factors (hyaluronate 

and glycoproteins) that can influence the underlying 

tissues to proliferate, migrate, and maintain an 

undifferentiated state. Numerous investigators, including 

this author, have shown that the stimulation of the 

epidermis is caused and is dependent on the activities of a 

threshold quantity of nervous tissue (Singer, 1978; 

Wallace, 1981; Chapter III). MacCabe and coworkers 

(MacCabe et al., 1983) have reported that the epidermis, 

once stimulated, secretes into the underling tissues two 

factors (one of low molecular weight, trypsin sensitive, 

heat labile, periodate reactive; and the second, of high 

molecular weight, trypsin and heat resistant) that will 

maintain underlying blastemal cells in a viable state. 

Solursh (1983) has reported that a substance from the 

stimulated epidermis will cross millipore filters up to 

150um thick and affect the underlying blastema to increase 

their mitotic rate, stimulates outgrowth, and delays 

differentiation. Kosher et al. (1981) has shown the 

existence of a concentration gradient of hyaluronate 

emanating from a ridge of stimulated epidermis into the 
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underlying limb tissues and correlating with the apparent 

undifferentiated-like state of the tissues. Slack (1983) 

has identified 13 specific proteins synthesized only in the 

stimulated epidermis, but also found in the underlying 

tissues during regeneration. And finally, this 

investigator has shown the presence of intracellular 

hyaluronate and glycoproteins within the stimulated 

epidermis; their loss from the basal layers of the 

epidermis with a concomitant increase in the apposed wound 

tissues; and a concentration gradient-type of pattern 

within the underlying stump tissues (Chapter II; Young et 

al., 1983d,e). 

Lastly, sulfated proteoglycans (i.e., chondroitin 

sulfates and keratan sulfate containing proteoglycans) have 

been postulated in the above model to affect the 

differentiation of the mesenchymal-like cells along defined 

pathways. Young et al. (1983d) has reported concentration 

gradients of these two glycosaminoglycans within the 

regenerating limb during the growth and redifferentiating 

phases. The highest concentration of these substances is 

located in the adult differentiated tissues, whereas the 

lowest concentrations is located in the mesenchymal-like 

regenerate tissues. The tissue entity where these 

components resided were soft tissues (skeletal muscle, 

skeletal muscle connective tissue, tedon, dermis, and loose 

fibrous connective tissue) for predominantly chondroitin 

sulfate containing proteoglycans and hard tissues (bone. 
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periosteum, cartilage, and perichondrium) for predominantly 

keratan sulfate containing proteoglycans. Carrino and 

Caplan (1983) have reported that proteoglycans with 

chondroitin sulfate as their predominant glycosaminoglycan 

side chain are the resident extracellular matrical 

component of skeletal muscle. And Hascall (1983) has 

reported a similar occurrence for keratan sulfate 

containing proteoglycans in cartilage. 

As shown from the above, the majority of the proposed 

participants of the model system are in fact present and 

have been verified in this and other regenerating and 

developmental systems. In addition, their activity, as 

proposed, has been shown _in. vitro and in isolated instances 

in vivo. Whether their activity during regeneration is as 

proposed, remains to be tested. 
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APPENDIX A 

GLYCOSAMINOGLYCAN AND GLYCOPROTEIN CHARACTERISTICS 

1. Alcian Blue at controlled pH (*): 

A. pH 1.0 - Weakly and strongly acidic sulfated 
polysaccharides 

B. pH 2.5 - Weakly sulfated and/or carboxylated 

polysaccharides 

2. Methylation: 

A. 37 C - Sulfate groups sensitive, carboxyl groups 
insensitive 

B. 60 C - Both, sulfate and carboxyl, groups insen

sitive 

3. Methylation/Saponification: 

A. 37 C - Both groups sensitive 

B. 50 C - Carboxyl groups sensitive, sulfate groups 
insensitive 

4. Critical Electrolyte Concentration Series (*): 

(Selectively inhibits polysaccharide staining based on 
charge density of compound with increasing molar concen
trations of magnesium chloride) 

A. 0.05 M - Stains all groups: Phosphates, Carboxyls, 
and Sulfates 

B. 0.1 M - Stains: Carboxyls & Sulfates, all GAG stain 

C 0.2 M - Lose compounds with charge density equiva
lents of hyaluronate 

D. 0.5 M - Lose compounds with charge density equiva
lents of some chondroitin 

E. 0.6 M - Lose compounds with charge density eguiva-
lents of remaining chondroitins 

F. 0.7 M - Lose compounds with charge density equiva
lents of chondroitin sulfates A & C 

G. 0.8 M - Lose compounds with charge density equiva
lents of dermatan sulfate 
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GLYCOSAMINOGLYCAN AND GLYCOPROTEIN CHARACTERISTICS 

(continued) 

H. 0.9 M - Lose compounds with charge density equiva
lents of the family heparin/heparan 
sulfates 

I. 1.0 M - Retain compounds with charge density equi
valents of both keratan sulfate and sulfa
ted glycoproteins 

5. Enzyme Digests {+): 

A. Leech hyaluronidase - Selective for hyaluronate 

B. Streptomyces hyaluronidase - Selective for hyaluron
ate + chondroitin 

C Testicular hyaluronidase - Selective for hyaluronate 
+ chondroitin + chondroitin sulfates A&C (4&6) 

D. Chondroitinase-AC - Selective for chondroitin sul
fates A & C 

E. Chondroitinase-ABC - Selective for chondroitin sul
fates A&C + dermatan sulfate (CHS B) 

F. Heparinase/heparatanase - Selective for the family 
heparin/heparan sulfates 

G. Keratanase - Selective for keratan sulfate + glyco
proteins 

H. Diastase - Selective for glycosylated compounds 

I, Neuramidase - Selective for oligosaccharides 

* See also TABLE 1 STAINING HISTOCHEMISTRY 
-1- See also TABLE 2 ENZYME HISTOCHEMISTRY 



APPENDIX B 

CONTROL TISSUES 

Control tissues must be included in all staining and 
enzyme runs to insure validity and reproducibility of the 
histochemical procedures. Tissues I normally use are: rat 
(or mouse): trachea, stomach, intestine, and salivary 
gland. In addition, if one wants to semiquantitate the 
presence of glycoconjugates by microspectrophotometry, a 
control tissue must be used that will NOT pick up the 
Alcian Blue stain. I include skeletal muscle as that 
control. Even though the skeletal muscle connective tissue 
stains intensely for GAG, the skeletal muscle fibers, 
themselves, from an adult animal do not. I use the 
skeletal muscle fiber staining to ZERO the 
microspectrophotometer. In this way, any background 
staining will be negated if the skeletal muscle has a 
slight blue tinge to it. 
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APPENDIX C 

FIXATIVES 

LILLIE'S - 10% CPC (1,2) 

Picric Acid, saturated aqueous (3) 85.0 ml 
Formalin, concentrated 10.0 ml 
Formic Acid, 90-95% aqueous 5.0 ml 
Cetylpryidinium Chloride 10.0 g 

BOUIN'S - 10% CPC (1,2) 

Picric Acid, saturated agueous (3) 75.0 ml 
Formalin, concentrated 20.0 ml 
Glacial Acetic Acid 5.0 ml 
Cetylpyridinium Chloride 10.0 g 

10% FORMALIN - 10% CPC (1) 

Formalin, concentrated 10.0 ml 
Glass Distilled Water 90.0 ml 
Cetylpyridiniiim Chloride 10.0 g 

*** I undertook a preliminary study to determine which of 
the three above fixatives (Lillie's-CPC; Bouin's-CPC; 
Formalin-CPC) retained the most extracellular matrical 
material and which showed the best morphology. The tis
sues used were: rat - trachea, stomach, intestine, salivary 
gland; and chick embryos. The fixes used were the above 
with 0%, 1%, 5%, and 10% CPC included. I utilized Alcian 
Blue staining at pH 1.0, 2.5, and CEC at 5.5. My results 
showed that the morphology was the same for all three fixa
tives and that 10% CPC retained the largest amount of ECM 
material for light studies. The stain intensity was visua
lized by the direct visualization method and by microspec
trophotometry . 
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FIXATIVES (continued) 

MODIFIED KARNOVSKY'S SEM FIXATIVE 
2% FORMALDEHYDE - 2% GLUTARALDEHYDE WITH 
0.5% CETLYPYRIDINIUM CHLORIDE 

1. Dissolve 2 g paraformaldehyde powder in 25 ml of 0.1 M 
cacodylate buffer by heating to 60-70°C and stirring 

2. Optional, add 1 to 3 drops of 1.0 N NaOH and stir 
until solution clears 

3. Cool solution 

4. Add 4.0 ml of 50 % glutaraldehyde (makes 2% when com
pleted) 

5. Make up to 100 ml of fix by adding 0.1 M cacodylate 
buffer 

5. Add 0.5% cetylpyridinium chloride and stir until solu
tion clears 

7. Adjust pH to 7.4 with either HCl or NaOH 

(1) Used as both an LM fixative and a decalcifying agent 
for hard tissues. 

(2) The picric acid (yellow color) must be removed from 
the tissues prior to embedment in paraplast. This is be
cause the picric acid forms minute crystals in the tissue 
that can play havoc when trying to section; causes scoring 
and shredding of the tissue and nicks the knife blade, 
causing additional scoring of the tissue. Therefore the 
tissue needs to be washed in 50-70% ETOH until all the yel
low color is removed from the tissue. This process is done 
directly after fixation, prior to the embedding seguence. 

(3) Staurated, aqueous picric acid equals 2 g/100 ml 
glass-distilled water. 



APPENDIX D 

EMBEDMENT 

Paraffin (Paraplast) (1) 

70 % Etoh - 15 Min 
80 % Etoh - 15 Min 
80 % Etoh - 15 Min 
90 % Etoh - 15 Min 
95 % Etoh - 20 Min 
95 % Etoh - 20 Min 
100 % Etoh - 10 Min 
100 % Etoh - 10 Min 
100 % Etoh - 10 Min 
Absolute Etoh - 10 Min 
Absolute Etoh - 10 Min 
Xylene - 10 Min 
Xylene - 10 Min 
Xylene - 10 Min 
Xylene (oven) - 10 Min 
2:1 Xylene/Paraplast (oven) 
1:1 Xylene/Paraplast (oven) 
1:2 Xylene/Paraplast (oven) 
Paraplast (oven) - 30 Min 
Paraplast (oven) - 30 Min 
Paraplast (oven) - 30 Min 
Embed Tissues 

• 15 Min 
• 15 Min 
• 15 Min 
(2) 

Flow Chart For Epon Embedment of EM Fixed Tissue 

1. Fix for 3-4 hrs in Karnovsky's - 0.5% CPC 

2. Wash in O.IM Cacodylate Buffer - 0.5% CPC, pH 7.4 
A. Wash - 10 min 
B. Wash - 10 min 
C Wash - 10 min 
D. Wash - Overnight 

3. Post-fix in 1% Osmium - 0.5% CPC for 1-2 hrs 

4. 70% Etoh - 0.5% CPC for 2 hrs 
A. Wash - 30 min 
B. Wash - 30 min 
C Wash - 30 min 
D. Wash - 30 min 

5. 80% Etoh - 0.5% CPC for 30 min 
A. Wash - 15 min 
B. Wash - 15 min 
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EMBEDMENT (continued) 

8. 

95% Etoh 
A. Wash 
B. Wash 
C Wash 
D. Wash 

0.5% CPC for 
- 15 min 
- 15 min 
- 15 min 
- 15 min 

1 hr 

7. 100% Etoh for 1 hr 
A. Wash 
B. Wash 
C Wash 
D. Wash 

- 15 min 
- 15 min 
- 15 min 
- 15 min 

Propylene Oxide for 30 min 
A. Rinse - 10 min 
B. Rinse - 10 min 
C Rinse - 10 min 

9. 50:50 Propylene Oxide:Epon (w/o catalyst) 
A. Overnight on rotor 

10. 100% Epon (w/o catalyst) 
A. On rotor for 8 hrs 

11. 100% Epon (w/ catalyst) 
A. On rotor overnight 

12. Embed Tissues 
A. 40°C oven for 2 days 
B. 60°C oven for 1 day 

(1) This is the time schedule I use for embedment of 
"light" fixed tissues, the size of tissue being approxi
mately that of "the size of the erasure on the end of a no. 
2 pencil". Times should be varied according to the size 
of the tissue. Also, brain, lung, and bone are probably 
the hardest tissues to embed. Therefore, a vacuum oven may 
needed (begin with 95% ETOH). One of the major concerns 
with histochemical staining is that the longer the tissues 
are in higher percentages of ETOH (above 70 % ) , xylene, and 
paraplast, the harder the tissue is to cut. The methods 
usually used to soften tissues prior to sectioning (i.e., 
triton-X, Downey fabric softener, etc.) also act as mor
dants (by increasing the binding of the dye to the tissue) 
to the histochemical stains used, thereby giving erroneous, 
non-reproducible results. Therefore, the tissues should be 
in the hydrocarbons for as minimal amount of time as possi
ble and the above tissue softeners should NOT be used. 
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EMBEDMENT (continued) 

(2) If problems with getting paraplast into the tissue oc
curs, one can use a vaccuum oven at this step, although I 
don't normally use one. 



APPENDIX E 

MOUNTING SECTIONS 

The tissue sections need to be attached to the glass 
slides to keep them from falling off during staining, 
enzyme digests, etc. Albumin is the normally used subbing 
agent for non-histochemical staining. Unfortunately, 
albumin is quite water soluble and since the histochemical 
stains are water based and the staining times are rather 
long (30 min to 24 hrs), sections have a tendency to fall 
off albumin-subbed slides during the longer staining 
procedures. My subbing agent of choice for all 
histochemical procedures is Haupt's gelatin adhesive: 

HAUPT'S GELATIN ADHESIVE 

Gelatin 1.0 g 
Glass Distilled Water 100.0 ml 

Dissolve at 30°C (not above) in water bath or oven, 
then add 

Phenol (carbolic acid) crystals 2.0 g 
Glycerol 15.0 ml 

Stir well and filter. 

Use 2-5% (I prefer 5%) formalin when mounting 
sections. The formalin changes the steric configuration of 
the gelatin in such a manner as to make it insoluble in 
water and also causes it to bind the tissue section 
(permanently) to the glass slide. 

Mount sections with 5% formalin, place on 37°C warming 
plate, and allow sections to dry overnight. Afterwards the 
slides can be stored (prior to staining) almost 
indefinitely. 
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APPENDIX F 

DEGRADATION OF GLYCOCONJUGATES 

A. STREPTOMYCES HYALURONIDASE (EC 3.2.1.35) (Selective for 
Hyaluronate + Chondroitin) 

1. Calbiochem (# 389561) Hyaluronidase, fungal B grade, 

OR 

2. Miles Laboratories (# 32-042-1) Hyaluronidase, Str. 
hyalurolyticus; Activity: 2,000TRU/mg lOOTRU/ampoule 
(4ampoule/set) 

BUFFER SYSTEM: 0.1 M Na-K Phosphate Buffer, pH 5.5 

MIX: 94 ML 0.1 M KH(2)P0(4) 
6 ML 0.1 M Na(2)P0(4) 

pH to 5.5 

ENZYME-BUFFER: 10 TRU Streptomyces hyaluronidase 
(Calbiochem)/ 50 ml BUFFER 

Control for protease contamination with addition of 50 
mg bovine serum albumin (Fraction V, Sigma) 

PROCEDURE: (3a.) 

B. TESTICULAR HYALURONIDASE (EC 3.2.1.35) (Selective for 
Hyaluronate + Chondroitin + Chondroitin Sulfates A&C) 

Sigma (# H-3506) from Bovine testes Type I-S 

BUFFER SYSTEM: 0.1 M Na-K Phosphate Buffer, pH 5.5 

MIX: 94 ML 0.1 M KH(2)P0(4) 
5 ML 0.1 M Na(2)P0(4) 

pH to 5.5 

ENZYME-BUFFER: 27 U (0.025g) Testicular hyaluronidase/50 
ml buffer 

PROCEDURE: (3b.) 
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DEGRADATION OF GLYCOCONJUGATES (continued) 

C CHONDROITINASE-AC (EC 4.2.2.5) (Selective for 
Chondroitin Sulfates A&C) 

Sigma (# C-2262) from Arthrobacter aurescens 

BUFFER SYSTEM: 0.1 M ENRICHED TRIS-Cl BUFFER, pH 8.0 

MIX: 

ENZYME-BUFFER! 

PROCEDURE: 

3.0 g TRIS (hydroxymethyl) aminomethane 
2.4 g sodium acetate 
1.45g sodium chloride 
50 mg crystalline BSA (bovine serum 

albumin, Sigma) 
100 ml 0.13 N HCl 

pH to 8.0 

2 U Chondroitinase-AC/50 ml buffer 

(3b.) 

D. CHONDROITINASE-ABC (EC 4.2.2.4) (Selective for 
Chondroitin Sulfates A&C -i- Dermatan Sulfate) 

Sigma (# C-3509) from Proteus vulgaris 

BUFFER SYSTEM: 0.1 M ENRICHED TRIS-Cl BUFFER, pH 8.0 

MIX! 

ENZYME-BUFFER: 

PROCEDURE: 

3.0 g TRIS (hydroxymethyl) aminomethane 
2.4 g sodium acetate 
1.46g sodium chloride 
50 mg crystalline BSA (bovine serum 

albumin, Sigma) 
100 ml 0.13 N HCl 

pH to 8.0 

2 U Chondroitinase-ABC/50 ml buffer 

(3b.) 
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DEGRADATION OF GLYCOCONJUGATES (continued) 

E. KERATANASE (keratan sulfate endo-beta-galactosidase) 
(Selective for Keratan Sulfate -i- Sulfated Glycoproteins) 

Miles (# 32-032-1) from culture fluid of Pseudomonas sp. 

BUFFER SYSTEM: 0.1 M ENRICHED TRIS-Cl BUFFER, pH 7.4 

MIX! 

ENZYME-BUFFER! 

PROCEDURE! 

3.0 g TRIS (hydroxymethyl) aminomethane 
2.4 g sodium acetate 
1.45g sodium chloride 
50 mg crystalline BSA (bovine serum 

albumin, Sigma) 
100 ml 0.13 N HCl 

pH to 7.4 

2 U Keratanase/50 ml buffer 

(3b.) 

E. TRYPSIN (EC 3.4.21.4) (Selective for proteins 
containing lysine and arginine residues) 

Sigma (# T-8253) Trypsin from Bovine Pancreas 2X Crys. 
Type III 

BUFFER SYSTEM! 

MIX I 

ENZYME-BUFFER: 

PROCEDURE: 

0.1 M Na-K Phosphate Buffer, pH 8.5 

95 ml 0.1 M KH(2)P0(4) 
5 ml 0.1 M Na(2)P0(4) 

pH to 8.5 

5.0 mg Trypsin/50 ml buffer 

(3c.) 
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DEGRADATION OF GLYCOCONJUGATES (continued) 

F. SIALIDASE (EC 3.2.1.18) (Selective for 
Oligosaccharides) 

Sigma (# N-3001) from Clostridium perfringens. Type VI 

BUFFER SYSTEM: 0.1 M Na-K Phosphate Buffer, pH 7.0 

MIX! 

ENZYME-BUFFER: 

PROCEDURE: 

35 ML 0.1 M KH(2)P0(4) 
55 ML 0.1 M Na(2)HPO(4) 

pH to 7.0 

25 mg (37.5 U) Sialidase/50 ml buffer 

(3b.) 

G. DIASTASE (ALPHA AMYLASE) (Selective for Glycosylated 
compounds) 

Sigma (# A-5255) Type I-A from Porcine Pancreas 

BUFFER SYSTEM: 0.1 M Na-K-Cl Phosphate Buffer,- pH 6.0 

MIX! 

ENZYME-BUFFER: 

PROCEDURE! 

4.0 g Sodium Chloride 
1.41 g Na(2)HP0(4) 
0.98 g NaH(2)P0(4) 

50.0 ml Glass Distilled Water 

pH 6.0 

50 mg Diastase (Alpha Amylase)/50 ml 
buffer 

(3d.) 
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DEGRADATION OF GLYCOCONJUGATES (continued) 

H. RIBONUCLEASE-A (Selective for Ribonucleic acids) 

Sigma (# R-4875) Ribonuclease-A from Bovine Pancreas 5X 
Crys. Type I-A 

BUFFER SYSTEM: 

MIX: 

BUFFER SYSTEM: 

MIX: 

ENZYME-BUFFER: 

PROCEDURE: 

0.1 M Na-K Phosphate Buffer, pH 8.5 
(buffer of choice) 

95 ml 0.1 M KH(2)P0(4) 
5 ml 0.1 M Na(2)P0(4) 

pH to 8.5 

OR 

O.IM Sodium Phosphate Buffer, pH 5.8 

8.0 mg Sodium Chloride 
0.28 g Anhydrous Disodium Phosphate 
1.97 g Sodium Phosphate Monohydrate 

1000 ml Glass distilled water 

pH to 5.8 

5.0 mg Ribonuclease-A/50 ml buffer 

(3c.) 

I. NITROUS ACID (Selective for some members of the family 
Heparin/Heparan Sulfates) 

BUFFER SYSTEMS: 

NITROUS ACID: 

MIX: 

0.05% NaN0(2), and 
0.33% Acetic Acid 

0.05% NaN0(2) 
0.33% Acetic Acid 

PROCEDURE: (3d.) 
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DEGRADATION OF GLYCOCONJUGATES (continued) 

PROCEDURE: 

1. in 370c oven warm control-buffer and enzyme-
buffer (or nitrous acid-buffer) solutions up to 
temperature 

2. rinse slides in room temperature glass distilled 
water 

3. digest (or hydrolyze) slides in 37°C oven for: 

a. four hrs, 
b. two hrs, 
c. ten min, or 
d. one hr 

4. remove slides from solutions and wash in room 
temperature glass distilled water 

5. resume staining sequence. 



APPENDIX G 

STAIN PREPARATIONS 

ALCIAN BLUE pH 1.0 

Alcian Blue 8GS (1) 1.0 g 
0.1 N HCl (2) 100.0 ml 

The pH will be approximately 1.0; do not attempt to 
adjust. Keep stock solution refrigerated when not in use. 
Can reuse stain, but must filter before each use. 

ALCIAN BLUE pH 2.5 

Alcian Blue 8GS (1) 1.0 g 
3 % Acetic Acid (3) 100.0 ml 

The pH will be approximately 2.5 to 2.7; do not 
attempt to adjust. Keep stock solution refrigerated when 
not in use. Can reuse stain, but must filter before each 
use. 

NUCLEAR FAST RED 

Nuclear Fast Red (Kernechtrat) 0.1 g 
Aluminum Sulfate 5.0 g 
Glass Distilled Water 100.0 ml 
Thymol 1.0 grain 

Mix well, filter, and add a grain of Thymol to stock 
solution. Keep stock solution refrigerated when not in 
use. Can reuse stain, but must filter before each use. 

PERIODIC ACID-SCHIFF REAGENTS 

Periodic Acid: Periodic Acid (HI04) 1.0 g 
90 % ETOH 100.0 ml 

Keep in dark, solution light sensitive, unuseable if 
it turns brown. 

Schiff Reagent: Basic Fuchsin (CI. 42500) 1.0 g 
Sodium Metabisulfite 1.9 g 
HCl, 1.5 N 100.0 ml 
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STAIN PREPARATIONS (continued) 

Place in flask with approximately 50-60 ml free space. 
Stir continuously overnight. Add spatula (50-200 mg) 
activated (decolorizing) charcoal and stir for one minute. 
Filter. If solution is not water-clear repeat charcoal 
procedure. Store in refrigerator (4°C) in light tight bot
tle, solution is light sensitive, with a minimal air space 
(decreases loss of S02). ** After filtering, even though 
solution appears clear, it will stain everything (including 
yourself) a deep magenta.** 

Sodiiam Metabisulf ite: Sodium Metabisulf ite 0.5 g 
Glass Distilled Water 100.0 ml 

ALCIAN BLUE AT GRADED CONCENTRATIONS OF 
MAGNESIUM CHLORIDE 

0.05 M SODIUM ACETATE SOLUTION, pH 5.7 

MIX: 0.2 M ACETIC ACID 5.75 ml 
0.2 M SODIUM ACETATE 94.25 ml 

Dilute this (0.2 M) solution 1:3 with glass distilled 
water to get required molarity of 0.05 M. Adjust solution 
pH to 5.7 with 1.0 N NaOH. 

0.1% ALCIAN BLUE 8GS 

MIX: Alcian Blue 0.4 g 
0.05 M Sodium Acetate 400.0 ml 

FOR GRADED CONCENTRATIONS OF MAGNESIUM CHLORIDE ADD: 

0.05 
0.1 
0.2 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

M = 
M = 
M = 
M = 
M = 
M = 
M = 
M = 
M = 

.235 

.470 

.940 
2.35 
3.02 
3.29 
3.75 
4.23 
4.70 

g MgCl2 
g MgCl2 
g MgC12 
g MgCl2 
g MgC12 
g MgCl2 
g MgCl2 
g MgCl2 
g MgCl2 
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STAIN PREPARATIONS (continued) 

MAYER'S HEMATOXYLIN 

Add 1.0 gram hematoxylin to 1000 ml distilled water. 
Heat gently and add 0.2 g sodium iodate and 50 g potassium 
(aluminum) alum (KA1(S04)s*12H20). Heat until dissolved; 
add 1.0 g citric acid and 50 g chloral hydrate. Allow to 
ripen, preferably for 6-8 weeks. (Although it can be used 
within 1-2 weeks). Store stock solution in refrigerator, 
filter when metallic "scum" appears on surface. 

(1) Alcian Blue 8GS (Chroma-Gesellschaft) 
Roboz Surgical Instrument Co., Inc. 
810 18th Str., N.W. 
Washington, D.C 20006 
(202-393-1234) 

(2) 0.1 N HCl: Concentrated HCl 3.2 ml 
Glass distilled water 396.8 ml 

(3) 3 % Acetic Acid: Concentrated Acetic Acid 3.0 ml 
Glass distilled water 97.0 ml 

(4) 0.2 M Acetic Acid: Acetic Acid 11.5 ml 
Glass Dist. Water 988.5 ml 

(5) 0.2 M Sodium Acetate: Sodium Acetate 2.72 g 
Glass Dist. Water 1000.0 ml 



APPENDIX H 

STAINING PROTOCOLS 

ALCIAN BLUE pH 1.0 

XYLENE I 
XYLENE II 
XYLENE III 
ABSOLUTE ETOH 
100 % ETOH 
95 % ETOH 
70 % ETOH 
50 % ETOH 
RUNNING WATER 
ALCIAN BLUE 
pH 1.0 

-
-
-
-
-
-
-
-
-

-

3 
3 
3 
3 
3 
3 
3 
3 
3 

MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 

30 MIN 

*************************** 
* * * * *** * 

**** Blot sections dry **** 
**** with filter **** 
**** or blotting paper **** 
* * * * **** 
*************************** 

RUNNING WATER 
NUCLEAR FAST RED 
70 % ETOH 
95 % ETOH 
95 % ETOH 
100 % ETOH 
100 % ETOH 
ABSOLUTE ETOH 
ABSOLUTE ETOH 
XYLENE IV 
XYLENE V 
XYLENE VI 
XYLENE VII 
MOUNT COVERSLIPS 

-
-
-
-
-
-
-
-
-
-
-
-

5 MIN 
3 MIN 
1 DIP (1) 
2 DIPS 
2 DIPS 
30 SEC 
30 SEC 
1 MIN 
1 MIN 
1 MIN 
2 MIN 
3 MIN 
3 MIN 

ALCIAN BLUE 2.5 

XYLENE I - 3 MIN 
XYLENE II - 3 MIN 
XYLENE III - 3 MIN 
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STAINING PROTOCOLS (continued) 

ABSOLUTE ETOH 
100 % ETOH 
95 % ETOH 
70 % ETOH 
50 % ETOH 
RUNNING WATER 
ACETIC ACID 3% 
ALCIAN BLUE 
pH 2.5 

RUNNING WATER 
NUCLEAR FAST RED 
70 % ETOH 
95 % ETOH 
95 % ETOH 
100 % ETOH 
100 % ETOH 
ABSOLUTE ETOH 
ABSOLUTE ETOH 
XYLENE IV 
XYLENE V 
XYLENE VI 
XYLENE VII 
MOUNT COVERSLIPS 

- 3 MIN 
- 3 MIN 
- 3 MIN 
- 3 MIN 
- 3 MIN 
- 3 MIN 
- 3 MIN 

- 30 MIN 
- 5 MIN 
- 3 MIN 
- 1 DIP (1 
- 2 DIPS 
- 2 DIPS 
- 30 SEC 
- 30 SEC 
- 1 MIN 
- 1 MIN 
- 1 MIN 
- 2 MIN 
- 3 MIN 
- 3 MIN 

METHYLATION 37°C & 60°C 
PRIOR TO STAINING WITH AB 1.0 OR AB 2.5 

XYLENE I - 3 MIN 
XYLENE II - 3 MIN 
XYLENE III - 3 MIN 
ABSOLUTE ETOH - 2 MIN 

-K +-I-+ + +-f-f-<-H--H-f-f +-f--f-I--I--t--H 4--I--I--t-H-4--t--I--I--1--)--f--I--f--I--H 4--(--f--f-f--t-+-f-t-+-)--I--1--I--I--H-f 

++ ACIDIFIED METHYLATION 37°C - 4 HRS (2) ++ 
++ or ++ 
++ ACIDIFIED METHYLATION 50°C - 4 HRS (2) ++ 
+++++++++++++++++++++++++++++++++++++++++++++++++++++ 

ABSOLUTE ETOH - 2 MIN 
ABSOLUTE ETOH - 2 MIN 
100 % ETOH - 2 MIN 
95 % ETOH - 2 MIN 
95 % ETOH - 2 MIN 
80 % ETOH - 2 MIN 
80 % ETOH - 2 MIN 
50 % ETOH - 2 MIN 
50 % ETOH - 2 MIN 
RUNNING WATER - 5 MIN 
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STAINING PROTOCOLS (continued) 

ALCIAN BLUE ALCIAN BLUE 
pH 1.0 - 30 MIN pH 2.5 - 30 MIN 

* * * * * * * * * * * * * * * * * * * 

** ** 

** BLOT SECTIONS ** 
* * DRY * * 
** ** 
* * * * * * * * * * * * * * * * * * * 

RUNNING WATER 
NUCLEAR FAST RED 
70 % ETOH 
95 % ETOH 
95 % ETOH 
100 % ETOH 
100 % ETOH 
ABSOLUTE ETOH 
ABSOLUTE ETOH 
XYLENE IV 
XYLENE V 
XYLENE VI 
XYLENE VII 
MOUNT COVERSLIPS 

- 5 MIN 
- 3 MIN 
- 1 DIP (1) 
- 2 DIPS 
- 2 DIPS 
- 30 SEC 
- 30 SEC 
- 1 MIN 
- 1 MIN 
- 1 MIN 
- 2 MIN 
- 3 MIN 
- 3 MIN 

METHYLATION/SAPONIFICATION AT 37°C & 60°C 
PRIOR TO STAINING WITH AB 1.0 OR AB 2.5 

XYLENE I - 3 MIN 
XYLENE II - 3 MIN 
XYLENE III - 3 MIN 
ABSOLUTE ETOH - 2 MIN 

-H-1-4--(--f-f-(--<--f 4--)--(--f-I--)--1--f-t--t--H--H--1--t-t--I--I--H-I--I--I--I--l-l--H--(--

4-4- ACIDIFIED METHYLATION 370C - 4 HRS (2) 4-4-
4-4- or 4-4-

4-4- ACIDIFIED METHYLATION 50OC - 4 HRS (2) -̂4-
4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-^ 

ABSOLUTE ETOH 
ABSOLUTE ETOH 
100 % ETOH 
95 % ETOH 
95 % ETOH 
80 % ETOH 
80 % ETOH 
70 % ETOH 

- 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 

MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
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STAINING PROTOCOLS (continued) 

70 % ETOH - 2 MIN 

4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-

4-4- TREAT IN O.IN POTASSIUM HYDROXIDE - 20 MIN (3) -l-i-
4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-

70 % ETOH 
50 % ETOH 
RUNNING WATER 

- 2 MIN 
- 2 MIN 
- 5 MIN 

ALCIAN BLUE 
pH 1.0 - 30 MIN 

ALCIAN BLUE 
pH 2.5 - 30 MIN 

* * * * * * * * * * * * * * * * * * * 

** ** 

** BLOT SECTIONS ** 
* * DRY * * 
** ** 

* * * * * * * * * * * * * * * * * * * 

RUNNING WATER 
NUCLEAR FAST RED 
70 % ETOH 
95 % ETOH 
95 % ETOH 
100 % ETOH 
100 % ETOH 
ABSOLUTE ETOH 
ABSOLUTE ETOH 
XYLENE IV 
XYLENE V 
XYLENE VI 
XYLENE VII 
MOUNT COVERSLIPS 

5 
3 
1 
2 
2 

MIN 
MIN 
DIP (1) 
DIPS 
DIPS 

30 SEC 
30 SEC 
1 
1 
1 
2 
3 
3 

MIN 
MIN 
MIN 
MIN 
MIN 
MIN 

CRITICAL ELECTROLYTE CONCENTRATION SERIES 

XYLENE I 
XYLENE II 
XYLENE III 
ABSOLUTE ETOH 
100 % ETOH 
95 % ETOH 
70 % ETOH 
50 % ETOH 
RUNNING WATER 

- 3 
- 3 
- 3 
- 3 
- 3 
- 3 
- 3 
- 3 
- 5 

MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
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STAINING PROTOCOLS (continued) 

4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4- 4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-

++ ENZYME DIGEST 4-4- 4-4- NITROUS ACID 4-4-
++ FOR 2 HR 4-4- or 4-4- DEGRADATION 4-4-
-i-f 37 C 4-4- 4-4- 90 MIN 4-4-
4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4- 4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-

RUNNING WATER - 5 MIN 

ALCIAN BLUE WITH GRADED CONCENTRATIONS OF MAGNESIUM 
CHLORIDE - 30 MIN 

******************************-*-**************************** 

* * 

* .05 = 0.1% AB (5.5) W/ 0.05 M MgCl 4- .05 M Na-Acetate * 
* * 

4- . 1 M Na-Acetate * 
* 

4- .2 M Na-Acetate * 
* 

4- .5 M Na-Acetate * 
* 

4- .5 M Na-Acetate * 
* 

-H .7 M Na-Acetate * 
* 

4- .8 M Na-Acetate * 
* 

-H .9 M Na-Acetate * 
* 

4- 1.0 M Na-Acetate * 
* * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* .1 
* 
* .2 
* 
* .5 
* 

* .6 
* 

* .7 
* 

* .8 
* 

* .9 
* 

*1.0 

= 

= 

= 

= 

= 

= 

= 

= 

same 

same 

same 

same 

same 

same 

same 

same 

W/ 

W/ 

W/ 

W/ 

W/ 

W/ 

W/ 

W/ 

0.1 

0.2 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

M 

M 

M 

M 

M 

M 

M 

M 

MgCl 

MgCl 

MgCl 

MgCl 

MgCl 

MgCl 

MgCl 

MgCl 

RINSE IN WATER - 3 MIN 
NUCLEAR FAST RED - 3 MIN (1) 
75 % ETOH - 1 DIP 
75 % ETOH - 1 DIP 
95 % ETOH - 2 DIPS 
100 % ETOH - 30 SEC 
ABSOLUTE ETOH - 1 MIN 
ABSOLUTE ETOH - 2 MIN 
XYLENE IV - 2 MIN 
XYLENE V - 3 MIN 
XYLENE VI - 3 MIN 
XYLENE VII - 3 MIN (optional) 
MOUNT COVERSLIPS 
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STAINING PROTOCOLS (continued) 

PERIODIC ACID-SCHIFF/ALCIAN BLUE pH 1.0 or 2.5 

XYLENE I 
XYLENE II 
XYLENE III 
ABSOLUTE ETOH 
100 % ETOH 
95 % ETOH 
70 % ETOH 
50 % ETOH 
RUNNING WATER 

- 3 
- 3 
- 3 
- 3 
- 3 
- 3 
- 3 
- 3 
- 5 

MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 

4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-

•f 3 % ACETIC ACID 
-1- 3 MIN 
4-

-1- ALCIAN BLUE 
+ pH 2.5 
-1- 30 MIN 

4-4-

4-4-

4-4-

4-4-

4-4-

++ or 4-4-
4-4-

4-4-

4-4-

4-4-

4-4-

4-4-

4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-4-

4-4- ALCIAN BLUE pH 1.0 4-4-
30 MIN 4-4-

4-4-

BLOT SECTIONS 4-4-
DRY ++ 

4-4-

4-4-4-4-4-4-4-4-4-4-4-4-4-4--

RUNNING WATER - 5 MIN 
1 % PERIODIC ACID - 15 MIN 
RUNNING WATER - 3 MIN 
SCHIFF'S SOL'N. - 10 MIN 
SODIUM METABISULFITE I - 2 MIN 
SODIUM METABISULFITE II - 2 MIN 
SODIUM METABISULFITE III - 2 MIN 
RUNNING WATER approx. - 10 MIN 

(UNTIL SALMON PINK) 

(*) 

70 % ETOH 
95 % ETOH 
100 % ETOH 
ABSOLUTE ETOH 
XYLENE IV 
XYLENE V 
XYLENE VI 
XYLENE VII (options 
MOUNT COVERSLIPS 

il) 

- 1 
- 1 
- 1 
- 2 
- 2 
- 3 
- 3 
- 3 

MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 

(*) Alcian Blue pH 2.5 may be run here, after the 10 min 
running water, instead of above. Either place should give 
the same results. (I usually run the Alcian Blue stains 
before the Schiff's reagent to be sure the AB staining 
sites are not blocked by the PAS stain.) 



128 

STAINING PROTOCOLS (continued) 

PERIODIC ACID-SCHIFF/HEMATOXYLIN 

XYLENE I - 3 MIN 
XYLENE II - 3 MIN 
XYLENE III - 3 MIN 
ABSOLUTE ETOH - 3 MIN 
100 % ETOH - 3 MIN 
95 % ETOH - 3 MIN 
70 % ETOH - 3 MIN 
50 % ETOH - 3 MIN 
RUNNING WATER - 5 MIN 
1 % PERIODIC ACID - 15 MIN 
RINSE BRIEFLY IN DISTILLED WATER - 3 MIN 
SCHIFF'S SOL'N. - 15 MIN 
SODIUM METABISULFITE I - 2 MIN 
SODIUM METABISULFITE II - 2 MIN 
SODIUM METABISULFITE III - 2 MIN 
RUNNING WATER approx. - 10 MIN 

(UNTIL SALMON PINK) 
HEMATOXYLIN - 45 TO 60 SEC 
WASH IN RUNNING WATER UNTIL BLUE - 3 TO 5 

MIN 
70 % ETOH - 1 MIN 
95 % ETOH - 1 MIN 
100 % ETOH - 1 MIN 
ABSOLUTE ETOH - 2 MIN 
XYLENE IV - 2 MIN 
XYLENE V - 3 MIN 
XYLENE VI ' - 3 MIN 
XYLENE VII (optional) - 3 MIN 
MOUNT COVERSLIPS 

HIGH IRON DIAMINE REAGENT/ALCIAN BLUE pH 2.5 

XYLENE I - 3 MIN 
XYLENE II - 3 MIN 
XYLENE III - 3 MIN 
ABSOLUTE ETOH - 3 MIN 
100 % ETOH - 3 MIN 
95 % ETOH - 3 MIN 
70 % ETOH - 3 MIN 
50 % ETOH - 3 MIN 

HOLD IN DISTILLED WATER UNTIL STAIN IS PREPARED (4) 
TRANSFER TO COPLIN JAR CONTAINING 50 ML HID 

STAIN FOR 20 TO 24 HRS 
RINSE QUICKLY IN DISTILLED WATER 

STAIN IN ALCIAN BLUE pH 2.5 - 30 MIN 
RINSE QUICKLY IN DISTILLED WATER 
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STAINING PROTOCOLS (continued) 

95 % ETOH 
95 % ETOH 
100 % ETOH 

ABSOLUTE ETOH 
ABSOLUTE ETOH 

XYLENE IV 
XYLENE V 
XYLENE VI 
XYLENE VII 
MOUNT COVERSLIPS 

- 15 SEC 
- 15 SEC 
- 30 SEC 
- 30 SEC 
- 1 MIN 
- 2 MIN 
- 3 MIN 
- 3 MIN 
- 3 MIN 

(1) Nuclear Fast Red is extremely water soluble, and will 
leach out of the tissue sections in a very short amount of 
time. Therefore, you are trying to dehydrate the tissue 
sections as fast as possible, without losing the Nuclear 
Fast Red in the process, but also need to leave the tissues 
in the lower concentrations of ethanol long enough to 
equilabrate decreasing water content with increasing etha
nol content. If the process is too slow, you will com
pletely lose the counterstain. If the process is too fast, 
you will be mixing water with xylene, which can ruin your 
tissue. 

(2) Acidified Methanol = 0.4 ml concentrated HCl/50 ml 
methanol 

(3) POTASSIUM HYDROXIDE 0.1 N 

Potassium Hydroxide 0.5611 g 
Glass Distilled Water 100.0 ml 

Mix well, store stock solution in refrigerator 

(4) HIGH IRON DIAMINE REAGENT: (must be made up in 50 ml 
aliquots only) 

N,N-Dimethyl-meta-phenelenediamine, dichloride 120 mg 

N,N-Dimethyl-para-phenelenediamine, monochloride 20 mg 

1. add above two components together 
2. mix thoroughly 
3. add mixture to 50 ml glass distilled water 
4. mix well 
5. pour into couplin jar containing 1.4 ml FeC13 (ferric 

chloride), 10-11 % 
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STAINING PROTOCOLS (continued) 

6. stain immediately 
7. discard after one use 



APPENDIX I 

PROCEDURE 

Alcian Blue 
pH 1.0 

Alcian Blue 
ph 2.5 

Critical 
Electrolyte 
Series 

Periodic acid-
Schiff/ 
Hematoxylin 

Periodic acid-
Schiff/ 
Alcian Blue 
pH 1.0 

Periodic acid-
Schiff/ 
Alcian Blue 
pH 2.5 

High Iron Dia-
mine/Alcian 
Blue pH 2.5 

Methylation at 
370c prior to 
AB 1.0 or 2.5 

Methylation at 
60°C prior to 
AB 1.0 or 2.5 

Methylation at 
37°C/Saponifi-
cation prior 
to AB 1.0 or 
2.5 

TABLE 1 
STAINING HISTOCHEMISTRY 

COMPOUND(S) 

Highly Sulfated 
Polyanions 

Weakly Sulfated 
and/or Carboxylated 
Polyanions 

Hyaluronate, Chondroitin, 
Chondroitin Sulfates A&C, 
Dermatan Sulfate, Heparin/ 
Heparan Sulfates, Keratan 
Sulfate, Sulfated Glyco
proteins 

Neutral Polysaccharides, 
Glycosylated Compounds 

Neutral and Sulfated 
Polysaccharides, Highly 
Sulfated Polyanions 

Neutral and Carboxylated 
Polysaccharides, Weakly 
Sulfated and/or Carboxyl
ated Polyanions 

Oligosaccharides, Sul
fated Polysaccharides 

Sulfate groups sensitive, 
Carboxyl groups insensi
tive 

Both Sulfate and Carboxyl 
groups insensitive 

Both Sulfate and Carboxyl 
groups sensitive 

REFERENCES 

Lev and 
Spicer, 1964 

Spicer, 1960 

Scott and 
Dorling, 
1965; 

Quintarelli 
& Dellovo, 
1965 

Humason, 
1972 

Mowry, 1964; 
Lev and 
Spicer, 1954 

Mowry, 1954; 
Spicer, 1960 

Markwald & 
Adams-Smith, 
1972 

Spicer, 1960 

Spicer, 1950 

Spicer, 1960 
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TABLE 1 STAINING HISTOCHEMISTRY (continued) 
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Methylation at 
60°C/Saponifi-
cation prior 
to AB 1.0 or 
2.5 

Carboxyl groups sensitive, Spicer, 1950 
Sulfate groups insensitive 



PROCEDURE 

Streptomyces 
Hyaluronidase 

Testicular 
Hyaluronidase 

Chondroitinase-AC 

Chondroitinase-ABC 

Nitrous Acid 
Degradation 

Keratanase 

Sialidase 

Diastase 

Trypsin 

Ribonuclease-A 

APPENDIX J 

ENZYME HISTOCHEMISTRY 

COMPOUNDS 

Hyaluronate, 
Chondroitin 

Hyaluronate, 
Chondroitin, 
Chondroitin 
Sulfates A&C 

Chondroitin 
Sulfates A&C 

Chondroitin 
Sulfates A&C, 

Dermatan Sulfate 

Heparin/Heparan 
Sulfates 

Keratan Sulfate, 
Sulfated Glyco
proteins 

Oligosaccharides 

Vicinal Hydroxyls 

Proteins (Lysine, 
Arginine Residues) 

Ribonucleic acids 

REFERENCES 

Ohya & Kaneko, 
1970; Yamada, 
1973 

Markwald & 
Adams-Smith, 
1972 

Yamada, 1972, 
1974 

Saito, 
Yamagato, & 
Suzuki, 1968 

Lagunoff & 
Warren, 1952 

Park & 
Johnson, 1949 

Markwald & 
Adams-Smith, 
1972 

Markwald & 
Adams-Smith, 
1972 

Markwald & 
Adams-Smith, 
1972 

Markwald & 
Adams-Smith, 
1972 
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