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ABSTRACT 

MICHAEL R. BIGELOW. Extracellular Macromolecules in 

Regenerating Sabellids: A Histochemical Study. 

(Under the direction of Timothy Fitzharris, Ph.D.) 

Regenerating sabel lid polychaetes were histochemically 

studied with regard to the synthesis and deposi tion of 

glycosaminoglycans (GAG) and collagen. Both of these types 

of macromolecules are known to be actively involved in cell 

migrations and differentiations of several vertebrate 

systems. The purpose of this study was to investigate 

whether or not these extracellular materials might be 

similarly involved in invertebrate systems. Resul ts 

demonstrate for the first time that these same extracellular 

materials, GAG and collagen, actively participate during 

invertebrate development. Production of hyaluronic acid is 

shown to accompany mesenchymal migration and blastema 

formation. Deposition of sulfated GAG and collagen in the 

form of an epithelial basal lamina and cartilaginous matrix 

mark differentiation of epithelial and mesenchymal cell 

types. 

The effects on normal sabel lid development of 

6-aminonicotinamide (6-AN), an inhibitor of GAG synthesis, 

and ex I a '-dipyridyl and p -aminopropioni trile (J3APN), 



inhibitors of collagen synthesis, were investigated. 

a,a'-Dipyridyl at 10-4 M and ~-APN at 10-3 M were effective 

at stopping regeneration at all stages. 6-AN at 10-5 M was 

effective at blocking formation of regenerate blastemas, 

however no effect was observed after completion of blastema 

formation. 

Possible mechanisms for the developmental role of these 

extracellular macromolecules are also discussed. 



INTRODUCTION 

The importance of tissue interaction during development 

has long been recognized. The dependence of one tissue's 

normal development upon another is a phenomenon whose exact 

mechanisms remain elusive. However, it has become 

increasingly evident that the extracellular materials 

produced by developing tissues have an important and active 

involvement in determining the fate of these tissues. 

From the very onset of gastrulation, extracellular 

localization of glycosaminoglycans and collagen can be shown 

in association wi th the primi ti ve streak, the mesenchymal 

cells migrating through it, and as components of the basal 

lamina of the epiblast and hypoblast. Deposits of these 

same extracellular materials are found between the 

chordamesoderm and the overlying neural plate during 

induction of neural tube formation and they subsequently 

accumulate around the notochord and the neural tube during 

the time they are thought to induce migration, condensation, 

and chondrification of the sclerotome into the axial 

skeleton. Furthermore, glycosaminoglycans and collagen are 

associated with the lens capsule during differentiation of 

the overlying corneal epithelium and their presence in the 

normal development of the salivary gland, kidney, heart, 

lung, and brain has been shown to be essential. 

Regeneration of limbs by lower vertebrates provides another 

developmental mental model which demonstrates the 
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involvement of glycosaminoglycans and collagen with the 

processes of tissue reorganization including cell pro

liferation, migration, and differentiation. 

Similarities among these systems extend beyond the 

character of the extracellular materials produced, to the 

sequence in which they appear and the morphological events 

with which they are associated. Hyaluronate production can 

be correlated with swelling of the extracellular spaces and 

the movement of mesenchymal cells into these spaces. Its 

removal by hyaluronidase and a shift to the production of 

sulfated glycosaminoglycans accompanies condensation of the 

migrating cells and establishment of a basal lamina by the 

apposing epithelium. The mesenchymal contribution of 

collagen to the extracellular matrix as well as to the basal 

lamina has also been demonstrated. 

This study was proposed to investigate the role of 

these materials in invertebrate development. The extra

cellular materials produced during regeneration of sabellid 

polychaetes Branchiomma nigromaculata and Sabella 

melanostigma were histochemically localized and identified. 

The effects of known inhibitors of glycosaminoglycan and 

collagen synthesis on the development of these polychaetes 

were also investigated. Through these methods the 

extracellular materials produced in this invertebrate system 

were characterized and compositional changes within the 

extracellular matrix were correlated with the different 

stages of regeneration. Possible roles for the involvement 

of these materials during development are proposed .. 
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LITERATURE REVIEW 

Role of Glycosaminoglycans in Development 

Glycosaminoglycans (GAG) are polyanionic macromolecules 

composed of repeating disaccharide units. With the possible 

exception of hyaluronic acid, they exist in tissue 

covalently bound to a protein core in the form of 

proteoglycans. Their involvement in a number of 

developmental systems has been inVestigated. 

In the chick embryo GAG appear early in development. 

Trelstad et al. (1967) demonstrated deposition of basal 

lamina material on the undersurface of the epiblast during 

This observation correlated with gastrulation. 

autoradiographic 

associated with 

demonstration of s35 incorporation 

the primi ti ve groove and Hensen's node by 

definitive primitive streak stage (Johnston and Comar, 

1957 ). Hay (1973) also demonstrated increased 

deposition between the chordamesoderm and the overlying 

neural plate as the basal lamina under the epiblast becomes 

continuous and neurulation begins. 

Kosher and Lash (1975) effectively demonstrated the 

role of notochordal basement membrane and its GAG components 

in stimulating chondrogenesis of somitic mesoderm. Although 

it had long been known that the embryonic notochord induces 

chondrogenesis of the axial skeleton (Grobstein, 1954; Lash, 

1968), the inductive effect was demonstrated to be due 

specifically to the extracellular materials of the 

perinotochordal sheath. Treatment of excised notochords by 

enzymes which selectively degrade GAG eliminated the 
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inductive ability of the notochord and its inductive 

potential was restored concomi tant1y wi th the resynthesis 

and secretion of GAG into the perinotochordal sheath. This 

effect appears not to be specific for notochord basement 

membrane. O'Hare (1972) showed that various ectodermal 

epithelia were capable of stimulating chondrogenesis in 

somi te explants. However, this effect was dependent upon 

the presence of basement membrane materials associated with 

the various epithelia, and removal of these materials 

following 

capacity. 

trypsinization eliminated their inductive 

In the developing chick eye, the basal lamina of the 

lens, the lens capsule, has been similarly implicated as an 

inducer of corneal stroma production by the corneal 

epithelium. Hay and Meier (1974) demonstrated GAG 

incorporation into lens capsule at the time that it is 

thought to induce the overlying corneal epithelium. Meier 

and Hay (1974b) showed that, when added to the incubation 

medium, GAG (chondroitin sulfate, heparin and heparin 

sulfate) stimulate a twofold increase in the in vitro 

synthesis of similar GAG by the corneal epithelium. 

This effect of GAG stimulating their own production is 

not unique to the corneal epithelium. The stimulatory 

effect of perinotochordal GAG on chondrogenesis is expressed 

by an increased production by the sclerotome of similar 

sulfated GAG. GAG production by chondrocytes in suspension 

or in culture can also be stimulated by addition of 

exogenous chondromucoprotein (Kosher et al., 1973). 
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The positive feedback of sulfated GAG discussed above 

is one observed aspect of their role in development. 

Another is the requirement for GAG contribution to basal 

lamina during epithelial-mesenchymal interactions. Although 

basement membrane requirements for the inductive potential 

of notochord and lens have been discussed, the interface 

between epithelium and mesenchyme has been shown to be 

crucial in several other developing systems (Grobstein, 

1967). Although early investigations focused on the 

collagenous component of the basement membrane (Hay and 

Revel, 1963; Grobstein and Cohen, 1965, Wessells and Cohen, 

1968; subsequent investigations (Kallman and Grobstein, 

1966; Hay and Meier, 1974, Banerjee et al., 1977; have 

demonstrated sulfated GAG as intrinsic components of 

basement membranes and actively involved in maintaining 

epithelial morphology. 

Evidence for the importance of sulfated GAG in 

developing systems has been presented. However, it should 

be noted that in the early chick embryo as much as 90% of 

the GAG can be accounted for as hyaluronic acid (So1.ursh, 

1976). From formation of the primitive streak to the four 

somi te stage, during formation of the primary mesenchyme, 

hyaluronate production has been estimated at nine times that 

for sulfated GAG. 

Con.si.derab~e evi.dence has been presented correlating 

sulfated GAG production with establishment of basement 

membranes, and ~he invoLvement o£ ~~~~ ha~~~e~t ~e~~anes 

in induction. 
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including cell migrations and subsequent differentiations 

are dramatically correlated with hyaluronate production and 

sUbsequent removal by hyaluronidase. During axial skeleton 

devel~pment production of hyalu.ronate is twice that of 

chondroitin sulfate during migration of sclerotome preceding 

cartilage formation as determined by isotope labelling and 

differential enzyme degradation methods of Toole and Gross 

(1971). Hyaluronidase activity and deposition of cartilage 

matrix become detectable at the same time and hyaluronate 

production drops to 60% of that for chondroitin sulfate, and 

continues to drop through subsequent stages (Toole, 1972). 

These resul ts confirmed earlier biochemical and 

histochemical determinations of the same region (Kvist and 

Finnegan, 1970). Toole (1972) also examined relative GAG 

production, hyaluronidase activity and their correlation 

with chondrogenesis in the developing limb buds of chicks. 

Although chondroitin sulfate was the predominant GAG 

produced at all stages, hyaluronate production dropped 

precipi tously wi th the concomitant appearance of cartilage 

matrix and hyaluronidase activity in the limb buds. In 

vitro, hyaluronate has been shown to impair drastically 

nodule formation in explanted chick somite cultures (Toole, 

1973). Solursh et al. (1974) further demonstrated the 

inhibitory effect of hyaluronate on both sulfated GAG 

synthesis and matrix deposition. This inhibition was found 

in response to both polymeric hyaluronate and 

oligosaccharide fragments. The finding by Toole (1976) that 



the inhibi tion was effected when sami te 

hyaluronate were washed and cultured in 
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cells exposed to 

hyaluronate-free 

medium, suggests that hyaluronate may act by binding to cell 

surfaces. 

In the case of corneal development in the chick, 

hyaluronate production has been correlated with swelling and 

mesenchymal invasion of the primary stroma and hyaluronidase 

activity with subsequent compaction and dehydration of the 

stroma and differentiation of corneal fibroblasts (Toole and 

Trelstad, 1971). Trelstad et al. (1974) subsequently 

demonstrated corneal endothelium as the sole initial source 

of hyaluronate at the time the primary stroma suddenly 

swells, with subsequent contribution from the invading 

mesenchymal cells. 

The developing embryonic heart is another system in 

which GAG have been shown to play a significant role during 

morphogenesis. Both sulfated and unsulfated forms of GAG 

have been identified in this developing organ (Markwald and 

Adams Smith, 1972; Manasek et al., 1973). Orkin and Toole 

(1978) demonstrated that hyaluronate is present at 

concentrations similar to those found around the notochord 

and in the primary stroma of the cornea during mesenchymal 

cell invasion, and that the level of hyaluronate declines at 

a faster rate than that of other GAG. They further 

demonstrated hyaluronidase activity corresponding to the 

time mesenchymal cells invade the cardiac jelly. 

The involvement of hyaluronate and hyaluronidase in the 

devel.oping brain has also been investigated. Deve10ping 

chick brains have been shown to contain increased levels of 
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GAG correlating with higher water content (Polansky ~ al., 

1974; Margolis et al., 1975) and higher hyaluronidase 

activity (Polansky et al. I 1974) when compared with mature 

brain. Although brain development cannot be separated into 

.q.istinct phases of cell migration and cell differentiation, 

but consists rather of a series of overlapping waves of 

neuronal migrations and differentiations I hyaluronate and 

hyaluronidase levels as well as water levels are high during 

embryonic development when these series of migrations are 

taking place and drop sharply after hatching at which time 

most of these neuronal migrations have ceased. 

The developing brain also demonstrates the relationship 

between hyaluronidase and thyroxine (see Toole, 1976, for 

review) . Studies in hypothyroid rats correlate lack of 

thyroxine wi th abnormal differentiation of Purkinje cells 

and delayed migration of external granule cells in the 

cerebellum (Hamburgh et al., 1971; Legrand,~;;i}~~inding 
I 

continued mi tosis in these non-migrating cells, Hamburgh 

postulated that thyroxine triggers cessation of cell 

proliferation and initiation of migration. Gona (1973) 

later demonstrated that administration of thyroxine induces 

the formation and subsequent migration of the cells of the 

external granular layer in the cerebellum of bullfrog 

tadpoles. Toole (1976) reports a doubling of hyaluronidase 

activity in response to thyroxine in these tissues. 

Thyroxine has also been shown to promote dehydration of 

the corneal stroma and the onset of transparency (Coulombre 

and Coulombre, 1964) which has subsequently been correlated 
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with high hyaluronidase activity and 'fa11ing hyaluronate 

levels (Toole and Trelstad, 1971). Toole (1973) has shown 

reve,rsa1 of the inhibition of hya1uronate on in vitro 

cho~drogenesis by thyroxine and other adenyl ate cyclase 

activating hormones. 

Toole and Gross (1971) investigated GAG synthesis in 

another morphologically developing system. During the 

process of regeneration of amputated newt limbs, synthesis 

of hyaluronate, chondroitin .sulfate, and hyaluronidase 

activity occur in familiar sequence. As dedifferentiated 

mesenchymal ce11s migrate from the initial wound site to 

form a loos·ely packed blastema core in the developing bud, 

hyaluronate synthesis, measured by H3 -acetate incorporation, 

is at a maximum. As formation of a critical blastemal mass 

is attained, hyaluronidase activity becomes detectable and 

hyaluronate synthesis drops sharply. These events are 

correlated with increased chondroitin sulfate synthesis, 

which subsequently reaches a maximum as cartilage formation 

becomes prominant. 

Another property of GAG involves interaction with 

collagen, another component of cartilage matrix. Toole and 

Lowther (1968) demonstrated that chondroitin 

SUlfate~roteOglYCan precipi tated out col.lagen fibril.s from 

troPocoliagen solutions. Proteoglycans, isolated from chick 
\ 

embryo ~mb buds prior to chondrogenesis, have been shown to 

be of smaller molecular weight and to express a lower 

reactivity with collagen than do those of cartilage 

(Goetinck et al., 1974. Toole and Linsenmayer, 1975). 
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The Role of Collagen in Development 

Another major component of extracellular matrix which 

has been implicated as having a significant role in 

development is collagen. This universal component of 

~onnective tissue has long been known to serve as a 

preferred substrate for cells grown in culture (Ehrmann and 

Gey, 1956). However, it has become evident that the role of 

collagen in development is far more complex than serving 

simply as structural. support for connective tissue or as 

substrate or scaffolding for cell mobility. Konigsberg 

(1970) demonstrated that the conditioned medium factor which 

a~lowed for muscle fiber differentiation in vi tro could be 

replaced by co1lagen. This finding provided direct evidence 

that collagen promotes differentiation. studies of 

developing epithelio-mesenchymal explants (Grobstein and 

Cohen, 1965; Wessels and Cohen, 1968) demonstrated the 

requirement for collagenous basal. lamina in maintaining 

epi thelia! morphology, and the ability of mesenchyme to 

re-establish the morphology of the collagenase-treated 

epithelium. U · 3 1" sJ..ng H-pro ~ne incorporation techniques, 

Kallman and Grobstei.n (1965), demonstrated mesenchymal 

contribution as the major source of collagen to the basal 

lamina of salivary gland explants. This observation was 

confirmed by Banerj ee et al. ( 1977 ) • The early patches of 

basal materials which form under the epiblast during 

migration of primary mesenchyme and the continuous basal 

lamina which is established preceding neurulation also 

contain collagen (Hay, 1973). 
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The inductive properties of the 'notochord discussed 

earlier can be correlated with the synthesis of collagen as 

well as GAG (Cohen and Hay, 1971; Trelstad et al., 1973). 

The ,collagen synthesized by the notochord at the time it 

induces somite chondrogenesis has further been characterized 

as being composed completely of ex 1 subuni ts of type I I 

collagen (Trelstad et al., 1973). Type II collagen and to a 

lesser degree type I collagen have been shown to promote 

collagen and proteoglycan synthesis in chondrocyte cultures 

two to three fold (Kosher and Church, 1975). The 

collagenous basal lamina of lens has also been demonstrated 

as havinginducti ve properties (Hay, 1973 ) , and Meier and 

Hay (1974a) have demonstrated that rat tail collagen or 

chondrosarcoma collagen may substitute for the lens capsule 

in promoting differentiation of corneal epithelium as 

defined by corneal stroma production. 

In developing limbs of chick embryos I a sequence of 

differential collagen synthesis has been correlated with the 

stages of blastema formation and cartilage differentiation 

described earlier. Type I collagen has been identified as 

the sole collagenous component of the developing limb bud 

prior to cartilage matrix deposi tion, at which time the 

differentiated chondrocytes switch over to synthesizing type 

I I collagen exclusively _ This observation has been 

confirmed both biochemically (Linsenmayer et al., 1973; Lash 

and Vasan, 1978) and immunohistochemical1y (von der Mark et 

al.,1976). 
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III embryonic ra t )\earts , cro~·· (19·7~ ) demong.tt~~ted. 

fail"U~~ of meaench:ym.al lUigration. into. th~ card-iile j~l.ly c.! 

p~().5pect:·ive <!ar<il.ac cusb.ions a~ w@ll a~ ao.rtic an~u.risms -in 

rats. treated with ~-aminopro.pionitrile:! a 1.athyrogenic agent 

$ho~n to i nhib i t no l.11!.a.l c-o 11 agen bi osyn the § i s ~ 



Actions of Agents Inhibiting Extracellular 

Material Biosynthesis 

13 

Another method of investigating the role of extra-

cellular materials is to interfere wi th their biosynthesis 

and to examine the effects of such treatment. 

6-Aminonicotinamide is a niacin antimetaboli te, which 

has been shown to have teratogenic effects in rats. When 

administered to rats during the second or third week of 

pregnancy, a high frequency of neural, ocular, urogenital, 

skeletal, and vascular anomalies are observed (Chamberlain 

and Nelson, 1963). Overman and Beaudoin (1971) further 

d t d b th ·· d" "nh"b·· f 5 35 emons rate 0 l.n VI. tro an l.n Vl. vo 1. 1. 1. tl.on 0 

incorporation into GAG in embryonic rat hearts during that 

organ's most active period of cardiac jelly production. 

Mills (1974) subsequently demonstrated aberrant cushion 

tissue formation in embryonic rats exposed to 6-AN. 

Abnormali ties included atrophy of secretory organelles in 

mesenchymal cells invading the cardiac jelly and the 

endocardium from which they arise. 

f3-Aminopropionitrile (t3APN) is a teratogen long known 

to cause skeletal and cardiovascular abnormalities in 

experimental animals (Ponseti and Shepard, 1954). Increased 

solubility and decreased tensile strength of collagen 

extracted from treated rats (Martin et al., 1961) and 

embryonic chicks (Levene and Gross, 1959) indicate 
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that f3APN inhibits normal cross-linking of collagen 

molecules without affecting their amino acid composition, 

i. e. synthesis. The decreased aldehyde content of this 

lathyr~tic collagen has led investigators to postulate 

inhibition of lysyl oxidase as one mode of ~APNls 

teratogenic action (Page and Bendi tt, 1972) . Page and 

Sendi tt (1972 ) have also demonstrated binding of J3APN and 

cyanoacetaldehyde (a ~APN metabolite) to collagen. 

ex ,Ci ' -Dipyridyl is a ferrous chelator, which has been 

shown to inhibit the hydroxyla'tion of both proline and 

lysine in collagen precursor peptides (Chvapil eta1., 1966; 

Prockop et al., 1966; Hurych and Nordwig, 1967). When 

incubated in the presence of 1 roM a,a'-dipyridyl, embryonic 

chick skin and cartilage formed collagen-like proteins 

containing both proline and lysine but none of their 

hydroxlyated counterparts. Lysine, incorporated into these 

proteins in the presence of a,a'-dipyridyl, was subsequently 

hydroxylated when the chelating agent was removed by 

dialysis (Prockop et al., 1966). 
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Aspects of Sabellid Regeneration 

Sabellid worms have been found to have a high 

regenerative capacity. Segments taken from any level of the 

abdominal region show no difference in either their 

regenerative rate or potential. These annelids develop 

regenerate buds within three days and small radioles 

containing chondrocytic supportive tissue as soon as five 

days after fragmentation. These buds develop both 

anteriorly and posteriorly as bilobed blastemas packed with 

undifferentiated mesenchymal type cells, providing a model 

system in which the in vivo changes occuring in the 

composi tion of the extracellular matrix can be studied. 

Anteriorly this blastema develops into a highly organized 

regenerate structure, completely replacing the adult 

branchial crown. Posteriorly, a bilobed pygidium develops 

and remains. Abdominal segments arise posterior to existing 

segments, just anterior to the pygidi urn. The cells 

comprising the small blastemas of the pygidium remain 

suspended in a proliferative state and do not themselves 

exhibi t overt diffe·rentiation as do those of the anterior 

regenerate buds. These invertebrates therefore provide two 

" contrasting systems in which the associated extracellular 

materials can be compared and studied. 

The specific purposes of this project were to: 

1. identify and characterize the extracellular 

materials produced in the regenerating sabellids. 
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2. correlate changes taking place in the composition 

of the extracellular matrix with morphological 

events. 

3. investigate the effects of known inhibitors 

of GAG and collagen synthesis on development. 
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MATERIALS AND METHODS 

Marine polychaetes, Sabella melanostigma and 

Branchiomma nigromaculata, were obtained from Tropical 

Atlantic Marine Specimens, Big Pine Key, Florida. They were 

maintained in a ten gallon aquarium of Instant Ocean 

synthetic sea sal ts solution, which was equipped with an 

aerator and undergravel filter. Suspensions of brewers' 

yeast were periodically added as a diet for these filter 

feeders, and salinity was maintained at 1.025 sp. gr. by the 

occasional addition of distilled water. The adult 

polychaetes appeared to remain healthy and active for three 

months or longer under these conditions. 

Fragments for regeneration were taken from the 

abdominal portion of healthy adult worms. Fragments of five 

to eight body segments were used in most cases, although 

regeneration was observed in fragments of as few as three 

segments. Regenerating fragments were kept in bowls of 

Instant Ocean, which was changed daily, at which time the 

" regenerates were cleansed of excess mucus which might serve 

as a substrate for bacterial infection. 

The effects of known teratogenic agents were 

investigated by allowing experimental animals to regenerate 

in bowls of Instant Ocean containing the teratogen. 

6-Aminonicotinamide at 10-5 M, a,a 1 -dipyridyl at 10-4 M, and 

~-aminopropionitril at -3 10 M were used. Exposure to the 
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teratogens followed 24 hours in Instant Ocean to allow for 

recovery from trauma and initiation of wound healing. 

Fixation of adult and regenerate specimens for light 

microscopic examination was accomplished by overnight 

immersion in 10% formalin, buffered with 2% calcium acetate 

to pH 7.2. After fixation, specimens were dehydrated 

through a graded ethanol series I cleared in xylene, and 

embedded in Parap1ast II embedding medium. sections were 

cut at five microns and mounted on glass slides coated with 

an albumin film. 

I. Alcian Blue Staining 

GAG were visualized by reaction with alcian blue 8GX 

(Allied Chemical Co., Morristown, N. J.) as described by 

Mowry (1963) • sections were deparaffinized in xylene and 

. rehydrated to distilled water through a graded ethanol 

series. After tissue sections were exposed for three to 

five minutes to solutions of either 3% acetic acid (pH 2.5) 

or 0.1 M Hel (pH 1.0), staining .proceeded for 30 minutes in 

the same solution containing 1% alcian blue I followed by a 

three-minute rinse in running tap water. Some slides were 
$ 

further stained by the periodic-acid-Schiff's reagent method 

of McManus (1948) • Sections were exposed to 1% periodic 

acid for 15 minutes, rinsed and placed in Schiff's reagent 

for ten minutes. sections were then passed through 
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three changes of 0.5% sodium metabisulfite for two minutes 

each, rinsed for five to ten minutes in tap water, 

dehydrated and cover slips were permanently affixed with a 

mounting resin. 

Alcian blue at pH 2.5 reacts with the negatively 

charged carboxyl and sulfate radicals of GAG. Reducing the 

pH of the staining solution to 1.0 results in the reduction 

of carboxyl radicals, leaving only the sulfate groups to 

react wi th the dye. This method permits differentiation 

between sulfated and non-sulfated GAG. 

II. Hyaluronidase Digestion 

Sections were deparaffinized and rehydrated to 

distilled water. Experimental slides were incubated in 

0.05% bovine testicular hyaluronidsse (Sigma Chemical Co., 

st. Louis, Mo.) in 0.1 M phosphate buffer pH 5.5 for four 

o hours at 37 c. Control sections were incubated in buffer 

alone. sections were rinsed and stained in alcian blue (pH 

2.5) as previously described. Significant reduction of 

staining in enzyme-treated sections was attributed to the 

removal of specific hyaluronidase-sensitive materials by the 
\ 

enzyme. 

III. Dialyzed Iron - Prussian Blue 

The dialyzed iron - Prussian blue method of Rinehart 

and Abul-Haj (1951) was also utilized for demonstration of 

acid GAG. Deparaffinized and rehydrated sections were 

exposed to a concentrated solution of dialyzed colloidal 
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iron for ten minutes. After the slides were rinsed for five 

minutes, the iron which reacted with the tissue was 

visualized by a modified Perl's Prussian blue method. 

Slides were exposed to a solution of equal volumes of 2% 

potassium ferrocyanide and 2% HCl for ten minutes, rinsed, 

dehydrated and mounted. Control sections were exposed only 

to the HCl/potassium ferrocyanide solution. 

IV. Masson's Trichrome Staining 

This technique was employed as a specific stain for 

collagen as described by Masson (1929). Deparaffinized 

sections were rehydrated to distilled water and immersed in 

Bouin's fixative to mordant overnight. sections were rinsed 

and the nuclei stained for ten minutes in Weigert's iron 

hematoxylin. After rinsing, sections were stained in 

Beibrich scarlet - Acid Fuchsin for 2.5 minutes I rinsed, 

exposed to a phosphomolybdic acid - phosphotungstic acid 

solution for ten minutest and placed directly into aniline 

blue stain for six minutes. This acid solution excludes 

certain acid dyes from collagen and excludes the aniline 

blue from other tissues so that the aniline blue staining 
$ 

becomes selective for collagen. sections were rinsed twice 

in distilled water, placed ~n 1% acetic acid for five 

minutes., dehydrated, cleared and mounted. 
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RESULTS 

1. Adult Histolog~ 

Alcian blue staining at pH 2 .5 of adult organisms 

yields a strong positive reaction with the chondrocytic 

supportive tissue of the radioles .. The dense fibrous band 

of connective tissue lying between the chondrocytic 

structures and the overlying epithelium, in general, stains 

less strongly with a more intense reaction along the 

epithelial boundary of thi.s band (Figurel). This intense 

staining at the base of the overlying epithelium is evident 

throughout the basal lamina of the organism, and at the base 

of the gut epithelium. The mucous coat, continuous over the 

animal, also reacts as do nuclei and the intestinal mucosa. 

Probably the most intense staining is found in sections 

through the ventral pads, which exude the external mucous 

coat and are found in pairs on the ventral aspect of each 

segment. strands of alcian blue-positive material in muscle 

suggest reaction with cell coats and connective tissue. 

Certain sites within the external epithelial cells 
• 

themselves exhibit intense staining. This reaction is 

especially prevalent in the attenuated epi thelium of the 

pygidia. In fact, the entire posterior structure of the 

still elongating animal shows an increased reaction to the 

dye (Figure 2 ) . At the tips of the pygidium no alcian 

blue-positive boundary is seen between the attenuated 

epithelium and the loosely packed alcian blue positive cells 

which it covers. 
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Reducing the pH of the staining solution to 1.0 

extinguishes much of the reaction, leaving only the 

chondrocytic supportive tissue, basal lamina, and some of 

the epithelial inclusions in the pygidia. Some of the 

material of the ventral pads also stains at pH 1.0. 

II. Alcian Blue staining of Regenerate Structures 

In the early stages of bud formation both epithelium 

and the underlying blastema exhibit reaction to the stain at 

pH 2.5. In sharp contrast to the epithelium covering adult 

anterior structures, large amounts of alcian blue-posi tive 

material are seen associated with the epi thelium covering 

the anterior buds (Figure 3 ) . In addition to the 

mesenchymal cells of the blastema, large amounts of positive 

reacting extracellular material appears, often in the form 

of intercellular strands. In these early stages, no basal 

lamina is yet evident and the underlying cells of the 

blastema and the extracellular material are seen in direct 

association with the overlying epithelium. 

Lowering the pH of the alcian blue stain to pH 1.0 

a1most entirely eliminates staining in the early regenerate. , 
Some si tes of staining are evident in the epi thelium, 

apparently intracellular. 

As the regenerate buds attain their full size, several 

changes are noticed in the composition of the extracellular 

materials. There appears to be less intercellular matrix in 

the blastema, some strands of which now react positively 

wi th pH 1.0 alcian blue stain (Figure 5). It is also at 
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this time that we first see the deposition of pH 1.0 alcian 

blue posi tive material in the form of a basal lamina lying 

between the epithelium and blastema. 

These concomitant events of matrix condensation and 

deposition of sulfated GAG in the form of a basal lamina and 

chondrocytic matrix mark the end of the proliferative stage 

of anterior blastema formation and the onset of cellular 

differentiation. Epithelial branching of each lobe of the 

anterior buds gives rise to the developing radioles. 

Chondrocytic supportive tissue forms in association with the 

basal lamina of an area of thickened epithelium in each 

developing radiole. A positive ~reaction with alcian blue at 

pH 1.0 demonstrates incorporation of sulfate into this 

material (Figures 6 and 7). 

III. Hyaluronidase Treatment 

Treatment of deparaffinized sections with bovine 

testicular hyaluronidase virtually eliminates alcian blue 

staining, at pH 2.5 I of the extracellular materials of the 

blastema (Figures 4a and 4b). Cell nuclei continue to stain 

as do materials associated wi th the attenuated epithelium , 
and the~ external mucous coat. The absence of staining in 

the enzyme-treated sections was assumed to be due to removal 

of the pH 2.5 alcian blue reactive material by the enzyme. 

IV. Dialyzed Iron - Prussian Blue staining 

The distribution of staining following the Prussian 

blue reaction with the colloidal dialyzed ~iron taken up by 
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deparaffinized tissue sections closely resembles that seen 

in alcian blue staining at pH 2.5 (Figure 10). In both 

anterior and posterior early regenerate structures the cells 

and extracellular materials of the blastema react 

positively,. as do the overlying epithelium and external 

mucous coat. In contrast to alcian blue, no nuclear 

staining is observed. Contro~ deparaffinized sections 

exposed to the Prussian blue stain without previous exposure 

to the dialysed iron showed no reaction whatsoever to the 

dye, confirming that staining is indicative of the presence 

of iron. 

v. Masson's Trichrome Staining 

The Masson's trichrome staining procedure allows for 

the specific staining of collagen by aniline blue. Collagen 

in quanti ties detectable by this method is not apparent 

until after blastema formation has been completed and 

branching of the anterior buds has begun. This appearance 

of collagen is associated with the earliest detectable 

presence of chondrocytic tissue. Faint blue staining is 

apparent at the junction of the chondrocytes and overlying 
• 

epithelium of the developing radioles and as strands through 

the cells of the blastema from which these radioles arise 

(Figure 9). Further development results in strong blue 

staining of the band of dense fibrous tissue which comes to 

lie between the cartilaginous tissue of the radioles and the 

epithelium (Figure 8). 
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No reaction to the stain is detectable in the 

proliferating posterior regenerate structures. Faint blue 

strands associated wi th the adventi tia of the gut and the 

intersegmental membranes are the only other evidence of 

collagen deposition in the organism. 

VI. Effects of Teratog:ens on Development 

Exposure of regenerating worms to 6-AN at 10-
5 

M 24 

hours after fragmentation, stops bud formation in all cases. 

The teratogenic effect diminishes with time until, at th.ree 

days, no effect is seen except in those organisms already 

exhibiting delayed development. Al though 6-AN blocks bud 

formation and arrests bud formation once it has begun, it 

has no effect after blastema development has been completed. 

The effect is reversible, in most cases, after a 24 hour 

exposure but only occasionally after a 48 hour exposure. 

Three days' exposure completely extinguishes the organism's 

regenerative capacity. 

Both (X,a'-dipyridyl atlO-4 M and PAPN at 10-
3 

M stop 

regeneration in all cases and at all points during 

development. Once radiole development has begun, the effect 
\ 

is reversible for as long as the animals remain healthy. If 

blastema formation is arrested, the capaci ty for further 

differentiation is lost by the end of the third day 

following fragmentation. Although some animals may survive 

for several days when replaced in the normal environment, no 

further development occurs. 
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DISCUSSION 

Regeneration in sabellid polychaetes is a complex 

phenomenon involving dedifferentiation of established 

tissues as well as the processes of cell migration, 

differentiation, and tissue organization exhibited during 

embryogenesis. Resul ts obtained from this study indicate 

that regeneration in sabellids exhibits a pattern of 

extracellular matrix production similar to developing 

vertebrate systems. Cell migrations in several previously 

investigated vertebrate systems have been shown to occur in 

hyaluronate rich environments. Removal by endogenous 

hyaluronidase has been shown precede subsequent 

differentiation of these cells .. The present finding that 

blastema formation in sabellids also occurs in a matrix of 

hyaluronate serves to underline the significance of this 

material in development. The requirement for hyaluronate as 

a matrix for cell migration and blastema formation across 

such a wide phylogenetic range suggests a role basic to the 

processes of cell migration and establishment of tissue 
\ 

primordia. 

Anterior and posterior regenerate buds develop as 

bilobed blastemas of mesenchymal cells, enmeshed in a matrix 

of GAG. The epithelial cells covering the developing 

blastemas appear attenuated or stretched along their 

vertical axis, and contain large amounts of alcianophilic 

material. Elimination of most of the reactivity with alcian 
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blue by lowering the pH to 1.0, indicates that this material 

is predominantly hyaluronate. An epithelial origin of the 

basal lamina in later stages has been demonstrated by 

Fitzharris (1976) and it seems likely that some of these 

earlier epi thelial products are transported to the basal. 

surface. At this stage mesenchymal cells of both anterior 

and posterior blastemas exist in a hyaluronate-rich matrix, 

and are in direct association with the attenuated 

epithelium. This condition persists in the pygidium as new 

growth continues to form at the caudal end of the organism. 

As anterior regeneration progresses, a blood vessel 

forms wi thin each anterior bud and epithelial branching 

begins, giving rise to the developing radioles. Sulfated 

GAG appear as components of both the epithelial basal lamina 

and the chondrocytic extracellular matrix. As in previously 

described vertebrate models of developing limbs and axial 

skeleton, deposi tion of sulfated GAG in a cartilaginous 

matrix by these cells represents an expression of their 

differentiated state. Likewise, basal lamina formation can 

be viewed as an expression of epi thelial differentiation. 

However, a review of the literature indicates that, in many , 
instances, the epithelial basal lamina has an inductive 

effect. The basal lamina of the notochord and the developing 

lens effectively demonstrate such inductive capabilities. 

No direct evidence for an inductive role for epithelial 

basal lamina can be demonstrated by this histological study. 

However, certain observations can be made suggesting a 



28 

relationship between the appearance of a basa1 lamina and 

the fate of theunderlyinq mesenchymal cell.s,.. The first is 

that establishment of a basal lamina always precedes 

differentiation .. In the pygidium no basal lamina forms and 

the blastema cells retain their mesenchymal form in a 

hyaluronate-rich matrix. The second is that the earliest 

appearance of distinguishable chondrocytes occurs in direct 

association with the epithelial basal lamina. Mesenchymal 

migration and chondrification in developing radioles occurs 

under an area of thickened epithelium reminiscent of the 

apical cap of regenerating-newt limbs. Studies by Thornton 

(1954) of the newt limb demonstrate neural invasion to be a 

prerequisite for apical cap formation and continued 

differentiation of the developing limb. In regenerating 

sabellids, outgrowth of nerve into developing radioles has 

been demonstrated to occur along the basal portion of the 

epithelium, proximal to the developing chondrocytes 

(Fitzharris and Lesh, 1969; Fitzharris, 1976). It is not 

unreasonable to postulate an epi thelial response to neural 

invasion, which in turn provides a preferential zone for 

mesenchymal migration and differentiation. 
\ 

Two contrasting systems exist in a single regenerating 

organism. Anterior differentiation is expressed by 

formation of chondrocytic tissue associated with basal 

lamina formation. Posterior pygidia form no basal lamina and 

their mesenchymal cells remain in an undifferentiated state. 

Posterior tissues do, however, possess the potential to 

differentiate into anterior structures as demonstrated by 
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Fitzharris (1970). Colchicine treatment can result in 

formation of head structures at both ends of the regenerate. 

The effect appears due to the disruption of the microtubule 

transport system of the ventral nerves thereby eliminating 

the anterior-posterior gradient of neurosecretory material. 

This proposal is supported by the observation that head 

structures can be induced to form from any segment of the 

polychaete Spirographis when implanted wi th the reflected 

anterior ends of the severed nerves (Kiortsis and Moraitou, 

1965) . 

Establishment of the anterior-posterior polarity of the 

organism, therefore, appears to be determined very early 

during the regeneration process. This results from the 

first round of tissue interactions or inductions, with each 

subsequent interaction further delineating the fate of these 

tissues. The reaction capacity of many developing tissues 

has been shown to vary with time (see Holtfretter, 1968 for 

review) . Neurula ectoderm can be induced to form neural 

tissue in vi tro. This potential is lost by the end of the 

neurula stage and the tissue expresses capacities to 

differentiate into other ectodermal derivatives. Such a 
$ 

sequence of co-ordinated transient potentials in developing 

tissues greatly reduces the need for highly specific 

inductive stimuli. A single stimulus, such as the basal 

lamina of the notochord, can induce neurulation of overlying 

ectoderm and chondrogenesis of the sclerotome due to 

differing potentials of the reacting tissues. In such a 

scheme, compositional changes in the extracellular matrix of 

developing tissues aquire a new significance. 
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Several possible actions have been postulated for 

hyaluronate in developmentalsytems. Hyaluronate has been 

shown, upon hydration, to form an extended random coil, 

occupying a molecular domain 104 times larger than the space 

occupied by the dehydrated molecule. At physiological 

concentrations, hyaluronate forms a viscous solution able to 

bind large amounts of water, exert an osmotic pressure, and 

exclude macromolecules from its meshwork. Hyaluronate's 

association with water could cause swelling of extracellular 

spaces, thereby facilitating or directing cell migrations. 

strong correlations between hyaluronate and water content in 

several developing organs have previously been discussed. 

The ability of this GAG to exclude macromolecules from its 

domain and its ability to inhibit chondrocyte 

differentiation in vitro supports a possible role in 

preventing premature differentiation of migrating cells 

prior to completion of blastema formation. The production of 

a specific enzyme, hyaluronidase, to remove this material 

prior to the expression of a certain pathway of 

differentiation, suggests that hyaluronate's required role 

has been completed and that its removal is necessary for the 
.. 

next phase of development. 

The ability of GAG to bind cations, especially calcium, 

and the requirement for this cation in microtubule assembly 

led Lippman (1968) to suggest another possible role for this 

material in development. According to her model, cell 

surface-associated GAG could act as cationic traps, 

prohibiting ca+2 influx and thereby blocking mitotic spindle 
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assembly. Removal or conformational changes of GAG could 

ub · f +2 d"t' s sequently allow for restoratJ..on 0 Ca flux an mJ.. otJ..C 

activity. 

Treatment of regenerating sabellids with inhibitors of 

GAG and of collagen synthesis further demonstrates the 

requirement for these macromolecules in their normal 

development. Exposure of regenerates to f3APN or 

ex , Ci ' -dipyridyl stops further regeneration at all stages. 

Both of these age,nts have been demonstrated to block the 

extracellular assembly of collagen fibrils, and their 

abili ty to block regeneration at all stages indicates an 

absolute requirement for mature cross linked collagen in the 

regeneration process. 

Masson's trichrome staining clearly demonstrates 

deposition of a dense fibrillar collagenous matrix between 

the epithelium and the chondrocytic tissue. However, 

collagen in quantities undetectable by this method is almost 

certainly present as components of the cartilage matrix and 

the epithelial basal lamina of the organism. Inability to 

form these extracellular structures as a result of ~APN or 

a,a'-dipyridyl treatment could prevent further development. 
f, 

However these effects do not explain the ability of these 

agents to block blastema formation, which occurs prior to 

the appearance of a basal lamina or of chondrocytic tissue. 

The results of Crow (1979) demonstrating that J3APN inhibits 

mesenchymal migration into prospective endocardial cushions 

of embryonic rats and the present demonstration of failure 

of mesenchymal blastemas to form in I3APN-treated sabellid 
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regenerates suggest that collagen synthesis is necessary for 

mesenchymal migrations. Both collagen and hyaluronate have 

been shown to promote spreading of mesenchymal cells in 

culture (Lash and Vasan, 1978). 

Exposure to 6-AN at 105 M blocks blastema formation in 

regenerates. Treatment at this concentration was ineffective 

in stopping further regeneration during post-blastema stages 

when the epi thelial basal lamina had been established and 

deposition of cartilage matrix had begun. The inhibitory 

effect of this niacin antimetabolite on GAG synthesis, while 

not affecting protein synthesis, makes i t attractive to 

postulate that depressed hyaluronate synthesis during these 

formative stages is solely responsible for the failure of the 

blastema to form. However, other effects of 6-AN treatment 

cannot be ruled out. Depressed levels of ATP as well as DNA 

have been observed in rat embryos from 6-AN-treated mothers. 

These effects could interfere with the proliferation of 

epi thelial and mesenchymal cells as well as deplete energy 

stores available for cell migration. 

Blocking blastema formation by treatment with any of 

these agents also demonstrates the transient nature of the 
\i 

developing tissues' potential for differentiation. In the 

normal regenerate, blastema formation is completed by the 

end of the third day following fragmentation, and histo-

logically detectable chondrocytes usually appear the 

following day. If blastema formation is arrested, the 

capacity for further development is lost by the end of the 

third day. The capaci ty for dedifferentiation of tissues 
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and establishment of a blastema, resulting from the initial 

round of inductive events is transitory. 
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SUMMARY 

Production of specific extracellular mater~als has been 

shown to accompany the two distinct phases of regeneration 

in sabellids. An initial phase of migration of mesenchymal 

cells, resul ting in formation of anterior and posterior 

blastemas, occurs in a matrix rich in hyaluronate. 

Anteriorly, the second phase is characterized by deposition 

of a basal lamina comprised of collagen and GAG, epithelial 

branching, and differentiation of mesenchymal cells into 

chondrocytes which produce a typical cartilaginous matrix 

rich in sulfated GAG.. Posterior blastemas do not progress 

beyond the first stage, exhibiting neither basal lamina 

for-mation nor mesenchymal differentiation, and maintaining a 

hyaluronate matrix. 

Hyaluronate production is associated with migrating 

mesenchyme in several vertebrate systems. Demonstration of 

this association for the first time in invertebrates, 

supports the proposal that hyaluronate plays an essential 

role in regulating mesenchymal migration, differentiation, 

and establishment of tissue primordia .. Several possible 
~ 

mechanisms for its action have been discussed. Failure of 

blastemas to form in response to 6-AN lends further support 

to this proposal. 

Evidence for the requirement of GAG and collagen during 

normal epithelial-mesenchymal interactions has been 

reviewed. Both of these materials in the form of a basal 
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lamina have been demonstrated to promote cell differentiation 

in many vertebrate systems. Observations made as part 

of this study show that basal lamina formation precedes 

chondrocytic differentiation in all cases and that 

chondrocytes first appear directly under this epithelial 

basal lamina. These observations and evidence from the 

reviewed literature support the proposal that the 

extracellular materials present in the form. of a basal lamina 

promote differentiation of chonarocytes from mesenchymal 

cells of the blastema. The ability of a,a'-dipyridyl and 

PAPN to block regeneration at all stages indicates that 

normal collagen synthesis is necessary not only for 

elaboration of the extracellular structures of basal lamina 

and cartilage matrix by well-differentiated tissues, but is 

also necessary for mesenchymal migration and blastema 

formation. 

The results of this study indicate that the 

extracellular materials, GAG and collagen which are known to 

be involved in many developing vertebrate systems are active 

in invertebrate development as well. Their production may 

be a common mechanism whereby an embryo or developing 
ti 

organism regulates its genotypic expression. 
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FIGURES 



Figure 1 

Figure 2 
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Alongi tudinal section through the base of 

one lobe of an adult branchial crown. Alcian 

blue staining (pH 2.5) demonstrates GAG 

associated with the external mucous coat 

(arrow), dense fibrous connective tissue (f), 

and chondrocytic supportive tissue (c). 

Nuclei also stain at pH 2.5 (alcian blue (pH 

2 • 5 ), 87 OX) • 

A longitudinal section through a normal 

pygidium. The attenuated epithelium (e), 

mesenchymal blastema cells (m), gut (g), and 

other tissues react with alcian blue (pH 

2.5). (alcian blue (pH 2.5), 870X). 





Figure 3 

Figure 4 

A section through a 3-day anterior regenerate 

bud. Epithelium (e), mesenchymal cells, and 

extracellular material of the blastema 

(arrows) react with alcian blue (pH 2.5) 

demonstrating the presence of GAG. Notice 

the free association of mesenchymal cells 

with the epithelium prior to the deposi tion 

of a basal lamina (alcian blue (pH 2.5), 

2170X) • 

Alongi tudinal section through the anterior 

region of a 3-day regenerate. Alcian blue 

(pH 1.0) and P.A.S. staining demonstrates 

deposition of sulfated GAG associated with 

epithelial basal lamina and occuring as 

strands running 

blastema (arrows) 

P .A. S., 870X). 

among the cells o£ the 

(alcian blue (pH 1.0) 





Figure 5 

Figure 6 
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A section through a 3-day anterior regenerate 

bud. This control section was incubated in 

buffer without hyaluronidase. GAG associated 

with epithelium (e), blastemal cells, and 

extracellular material (m) is clearly 

evident. (alcian blue (pH 2.5), 2l70X). 

A section through a 3-day anterior regenerate 

bud. This hyaluronidase-treated section 

shows a significant reduction in reaction 

with alcian blue (pH 2.5). Removal of 

hyaluronidase-sensitive material reveals 

distinguishable chondrocytes (c) with visible 

matrix deposition as well as enzyme-resistant 

material associated with the epithelial basal 

lamina (arrow). (alcian blue (pH 2.5), 

2170X). 





Figure 7 

Figure 8 

43 

A longitudinal section of a 4-day developing 

radiole stained wi th alcian hI ue (pH 1.0) -

P.A.S. This figure demonstrates sulfated GAG 

associated wi th epi thelial basal lamina 

(arrow) and developing chondrocytes (e). The 

blood vessel (v) fills· the developing 

radiale, compressing mesenchymal cells 

between it and the epithelium. Notice the 

thickened area of epithelium (e) under which 

the chondrocytes first form. (alcian blue 

(pH 1.0) - P.A.S., 870X). 

A cross section of 6-day developing radioles 

stained with alcian blue (pH 1.0) - P.A.S. 

Areas of thickened epithelium (e) are clearly 

visible in areas of developing chondrocytes 

(c) . Deposi tion of sulfated GAG associated 

with chondrocytes and epithelial basal lamina 

is visible (arrows) . The blood vessel (v) 

fills the interior of the developing 

radioles. 

2170X). 

(alcian blue (pH 1.0) - P.A.S. , 
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Figure 9 

Figure 10 
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A longitudinal section of a S-day developing 

radiale stained wi th Masson's trichrome 

stain. Faint blue staining demonstrating 

collagen (arrows) is visible associated with 

development chondrocytes ( c ) , under the 

epithelium, and scattered throughout the 

blastema. (Masson's trichrome, 2l70X). 

A cross section through the base of one lobe 

of the developing brachial crown stained with 

Masson's trichrome stain. The thick fibrous 

lamina lying between the epithelium and 

chondrocytic tissue reacts with the anline 

blue component of the stain indicating the 

presence of collagen (arrows). Faint blue 

staining associated with the chrondrocytic 

tissue (c) is also visible. (Masson's 

trichrome, 870X). 





Figure 11 
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A longitudinal section through early (2 day) 

regenerate buds. Rinehart-Abul-Haj dialyzed 

iron preparation reacts with acidic mucins 

and is rendered visible by Pruss ian blue 

stain. Intense staining of the epithelium (e) 

and the external mucous coat as well as 

mesenchymal cells (m) 

materials is visible. 

Prussian blue, 870X). 

and extracellular 

(Dialyzed iron 



, 
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