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PREFACE 

The present study is a multidisciplinary approach to connective 

tissue histogenesis, a field that I find particularly interesting. 

This is but a subdivision of the rapidly-expanding field of connective 

tissue biology. This broad area traditionally includes studies of the 

normal· repairative processes as well as fibrosis, cirrhosis, sclerosis 

and other pathological conditions of altered connective tissue reac

tivity. 

The University of Arizona Medical Center is a particularly 

advantageous institution in which to carry out these studies since a 

number .of research groups are actively engaged in studies of connective 

tissue, developing systems, or both. It has been possible for me to 

combine studies of development and connective tissue biolo~J because 

recent investigations have shown that various components of extra

cellular connective tissue matrix may play an important role in cyto

differentiation. 

It is hoped that the reader will come away with a new appreci

ation for the notochord, a structure which for too long has been 

relegated to the position of a land-mark in descriptive embryology 

books. The secretory activity of this transitory embryonic epithelium 

is indeed remarkable. Perhaps one day we shall recognize that macro

molecular products of the notochord act as an orchestrated chemical 
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composite which initially stimulates immature cells in the embryonic 

axis to differentiate. 
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ABSTRACT 

Ultrastructural and biochemical studies show that the notochord 

is highly secretory early in ontogeny. This is significant because it 

is a known inductor of neural tube and somite differentiation. The 

mechanisms of these early tissue interactions are unknown, but noto-

chordal products may act as chemical mediators of developmental events. 

It is shown biochemically that collagens and glycosaminogly-

cans (GAG's) are produced by notochordal cells in vitro. Ultrastruc

tural studies demonstrate that these same tissues vigorously produce a 

connective tissue extracellular matrix (ECM). Morphological manifes

tations of specific chemical secretions, however, are not known. The 

present study is designed to analyze morphologically secretory products 

of pure cultures of notochordal tissues. 

Morphological and histochemical descriptions of the in vivo 

notochord sheath served as controls for in vitro studies. These data 

substantiated previous investigations and, provided new evidence for a 

GAG component of notochordal basal laminae. 

Completely denuded, mesenchyme-free notochords were isolated by 

trypsinization and cultured 0-72 hours on a Falcon plastic substratum. 

Intermittent basal lamina material was present within 12 hours of in

cubation and by 2b hours microfibrils and amorphous materials appeared. 

Initially, microfibrils were small (CIOOX) and associated closely with 

basal lamina. Later, their diameters were increased (>300$) and 
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exhibited faint irregular striations. In general, in vitro fibrillo-

genesis paralleled the same process in vivo. 

Ultrastructural analysis of ECM showed that notochordal micro

fibrils were sensitive to collagenase and testicular hyaluronidase. 

Moreover, following hyaluronidase treatment, some fibrils exhibited an 

unusual periodicity. Fibrillar striations also were seen after ex

posure to ruthenium red (RR), a general stain for GAG's. This cross-

banding demonstrated that these early connective tissue fibrils were 

collagenous. When RR-treated tissues were exposed to hyaluronidase, 

microfibrils were not stained. Likewise RR-positive amorphous mate

rials were removed by hyaluronidase treatment. 

Cultured notochordal cells incorporated ̂ H-thymidine as well as 

^H-proline, a semi-specific precursor of collagen. Electron micro

scopic autoradiography showed ^H-proline associated with notochordal 

cells as well as basal lamina, microfibrils and other components of the 

ECM. When cis-hydroxyproline, a known collagen inhibitor, was added to 

cultures, the ratio of extracellular to cellular ^H-proline was 

decreased. Therefore, I concluded that ^H-proline was incorporated 

into collagenous proteins produced by notochordal cells. 

Isolated notochords also incorporated ^H-fucose, a specific 

precursor for glycoproteins. Electron microscopic autoradiography 

showed label over nuclei, cytoplasm and all components of the ECM. 

This suggested strongly the production of extracellular glycoprotein. 

Notochordal isolates were cultured in the presence of beta-

aminopropionitrile (BAPN) to determine morphological effects of 
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impaired collagen crosslinking on notochordal ECM. These tissues demon

strated increased accumulations of RR-positive, hyaluronidase-sensitive 

materials at the surface of growth areas. Paradoxically, large 

striated unit collagenous fibrils were found frequently in the inter-

3 
cellular spaces of these cultures. When incorporation of H-proline 

and ^H-fucose by BAPN-treated tissues was quantitated by liquid scin-

3 
tillation, notochords showed increased H-proline in the ECM. This did 

not represent a general metabolic stimulation by BAPN because ^H-fucose-

containing ECM was markedly decreased. This latter result implied that 

BAPN may inhibit specifically extracellular glycoprotein production. 

The present study demonstrated that isolated notochords cul

tured on non-collagenous substrata are progenitors of ultrastructurally 

identifiable collagens, GAG's and glycoproteins. This is the only 

embryonic epithelium known to express such autonomy. Collagenous com

ponents of notochordal ECM were associated with basal lamina, micro

fibrils and amorphous materials. My study showed for the first time 

that notochordal collagen is manifested by striated microfibrils. GAG's 

were found associated with the collagenous constituent of microfibrils 

as well as flaky amorphous materials both in vivo and in vitro. Gly

coproteins were associated with all components of notochordal ECM. 



INTRODUCTION 

The notochord is a structural characteristic of all chordates 

and is the feature from which the phylum Chordata derives its name. 

This primitive "backbone" may be present only during development or 

it may persist throughout adulthood. Examples of the latter include 

Amphioxus and the Cyclostomes. These chordates do not possess typical 

vertebral columns, but exhibit well-developed fibrocellular cords 

(notochords) which lie directly ventral to their central nervous system 

and function in lieu of supporting structures (Torrey 1962, pp. 16-17, 

213-216; Patten and Carlson 1974, pp. 136-137; Jurand 1974). Likewise, 

some fishes, e.g., sharks and sturgeons, exhibit notochords which 

persist as axial supporting structures (Torrey 1962, pp. 18-25, 213-

216). In these vertebrates cartilagenous pieces or rings surround the 

notochord and form incomplete vertebrae (Patten and Carlson 1974, pp. 

136-137; Torrey 1962, PP• 213-216). 

Higher vertebrates such as amphibians, birds and mammals 

exhibit transitory notochords which appear early in development and are 

harbingers of future vertebral columns composed of specialized bony 

vertebrae (Torrey 1962, p. 213; Patten and Carlson 1974, pp. 136-137). 

As a result, vertebrate notochords are usually diminished in size and 

significance (Torrey 1962, p. 213). Nevertheless, they do not dis

appear completely. Even in mammals, notochordal remnants remain. As 

embryonic development proceeds, the rod-shaped notochord degenerates 

1 
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in areas where precartilagenous cells surround it (Rothman and Simeone, 

1975, pp. 1-17). 

In adult life, the mammalian notochordal pathway begins in the 

sphenoid bone (posterior to the hypophysial fossa) and passes caudally 

along the ventral surface of the basisphenoid in close proximity to the 

pharynx (Rothman and Simeone 1975, PP« 1-17). It enters the bony basi-

occiput and courses through the central portion of the apical odontoid 

ligament, odontoid process and each subsequent vertebral body to the 

coccyx. Vestiges are usually confined to the nucleus pulposus of adult 

intervertebral discs. Scattered remnants may be found in any part of 

the notochordal pathway. These are potential sites for malignant 

chordomas, slow-growing neoplasms (Rothman and Simeone 1975, pp. 1-17). 

Most experimental investigations of developing notochords are 

carried out with amphibian or chick embryos. Mechanisms of notochordal 

development in human embryos are also of interest, however, because of 

their clinical import. In principle, notochords develop similarly in 

all higher vertebrates, but slight variations are observed. Therefore, 

a brief description of notochordal development in amphibian, chick and 

human will be given. 

Descriptive Embryology of the Notochord 

Amphibian 

In amphibian embryos, cleavage is holoblastic, very rapid and 

the blastula is completed within one to two days (Torrey 1962, p. 106; 

Hamilton, Boyd and Mossman, 1972, p. 579). Amphibian cleavage is also 
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telolecithal, i.e., it occurs at a greater-rate on the animal side than 

the vegetal (Torrey 1962, p« lO'f; Patten and Carlson 1974, pp. 95-97). 

Furthermore, the entire egg gives rise to the embryo (Patten and Carl

son 1974, pp. 95-10'+). A small crescent shaped pit, the blastopore, 

forms close to the yolk-rich vegetal pole. Gastrulation brings areas 

of the blastoderm destined to become notochord, gut, muscle, etc., into 

the anterior portion of the embryo (Balinsky 1970, p. 6). This is 

accomplished by three different types of cell movement (Torrey 1962, 

pp. 104-115; Patten 1971, pp. 52-60; Hamilton et al. 1972, pp. 69-72; 

Patten and Carlson 1974, pp. 115-123). Epiboly describes movement of 

the dorsalmost cells over the outer spheroidal surface of the growing 

embryo toward the blastopore. The cells which arrive at the dorsal lip 

(ingrowing margin) of the blastopore proliferate rapidly and are pro

spective notochordal cells. These cells "roll in" around the lip of 

the blastopore by a second type of movement called involution. At this 

time a third type of cell migration occurs as prenotochordal cells 

invaginate away from the lip of the blastopore and stretch along the 

midline dorsal roof of the archenteron to form the definitive notochord. 

Chick 

Chick eggs contain large masses of yolk and cleavage is mero-

blastic, or limited to one pole of the egg (Torrey 1962, p. 117; 

Hamilton 1965.j p. 50; Patten and Carlson 1974, pp. 97-101). These 

early mitoses result in flattened germ discs which are homologous to 

the inner cell masses of human embryos. These two tissues gastrulate 

in a similar manner (Patten 1971, pp. 60-65; Patten and Carlson 1974, 



4 

pp. 113-140; Moore 1973, pp. 41-53) and give rise to the embryo proper. 

The human differs from the chick, however, in that its amnion and 

chorion are formed prior to gastrulation (Patten and Carlson 1974, PP• 

207-218, _317-351). During avian gastrulation, the primitive streak is 

similar to an amphibian blastopore that cannot open because of the 

large mass of yolk (Patten 1971, pp. 49-65). The primitive streak, 

therefore, is homologous to an elongated blastopore with fused lips 

(Patten and Carlson 1974, pp. 136-137). In spite of these structural 

·differences, cellular movements in the chick parallel those of the am

phibian (Patten 1971, pp. 49-75; Patten and Carlson 1974, pp. 95-104, 

113-140). Cell movement along the embryonic surface toward the primi

tive streak is strongly reminiscent of epiboly in the amphibians. Also, 

chick cells involute from a region in the center of the primitive knot 

(Hensen's node) to form the underlying chordamesoderm. Hensen's node 

is a homolog of the dorsal lip of the amphibian blastopore, and is the 

progenitor of notochordal cells which migrate in a midline cephalic 

direction. The central axis of the primitive streak contains a pri

mordial notochord and it is continuous with a thin layer of chordameso

derm that stretches laterally. The notochordal process is a thick 

central mass of cells the growth of which seems to "push" Hensen's node 

posteriorly (Spratt 1947) as the primitive streak begins to regress. 

At this time prenotochordal cells of the notochordal process fuse with 

the endoderm in the midline. This fusion extends from the extreme an

terior end of the notochordal process along the entire axis of the 
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primitive streak. Later, the endoderm and definitive notochord are 

formed (Hamilton 1965) pp. 105-111; Patten 1971» pp. 77-80). 

Human 

Human notochord formation is similar to chick (Patten and Carl

son 197̂ ,-pp. 113-11̂ ). A primitive streak is formed on the dorsal 

surface of the ectoderm. It is believed that cells of this layer mi

grate toward the primitive streak, the cephalic end of which is known 

as Hensen's node. During gastrulation, cords of cells at the center 

of this node migrate inward between the ectoderm and endoderm to form 

the notochordal process, which defines the embryonic axis (Hamilton 

et al. 1972, pp. 69-72; Moore 1973) PP« ̂ 1-53). This process extends 

from Hensen's node to the prochordal plate (a small area in the cephalic 

portion of the embryo where ectoderm and endoderm are in contact). The 

primitive pit forms a lumen (notochordal canal) within the notochordal 

process. At approximately 18 days of development the floor of the pro

cess fuses with the underlying embryonic endoderm (Moore 1973) pp. ̂ 1-

53). Focal degeneration of the fused region results in openings in the 

floor of the notochordal canal (Hamilton et al. 1972, pp. 69-72; Moore 

1973) pp. ̂ 1-53)• Communication is thus established with the yolk sac. 

Since the notochordal canal is continuous with the amniotic cavity by 

means of the primitive pit, a temporary pathway is established between 

the amnionic and yolk sac cavities. This small passage is called the 

neurenteric canal. The floor of the notochordal canal disappears 

gradually as openings in the yolk sac become confluent. The remainder 

of the notochordal process forms a flattened grooved notochordal plate 
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in the roof of the yolk sac. Beginning at the prochordal plate and 

proceeding caudally, the notochordal plate infolds ventrally to form 

the definitive notochord. The endoderm, which probably includes some 

residual cells from the notochordal plate, then becomes continuous 

across the midline as the notochord separates from it (Hamilton et al. 

1972, pp. 69-72; Moore 1973» pp. ̂ 1-53)• Conversely, it has been sug

gested (Jurand 197*0 that a few endodermal cells may remain with pre-

notochordal cells. 

The foregoing literature review shows that amphibian notochords 

arise from the dorsal lip of the blastopore while chick and human noto

chords are derived from Hensen's node. Due to semantic discrepancies, 

it is difficult to ascertain from which germ layer the notochord 

originates. Some argue that the original ectodermal position of the 

dorsal lip of the blastopore and Hensen's node indicate that the noto

chord is of ectodermal origin (Cerfontaine 1906; Huber 1918; Nieuwkoop 

and Ubbel 1972). Others consider the dorsal lip of the blastopore and 

Hensen's node to be mesodermal since their proliferation occurs when 

the mesoderm is being formed from the primitive streak (Kingsbury 1920; 

Patten 1958, pp. 137-1̂ 9; Saunders 1968, pp. ̂ 5-̂ 9)• The notochord, 

however, does not originate from preformed mesoderm, but arises simul

taneously with it. More recent investigators (Jurand 197*0 regard 

areas such as the blastopore and Hensen's node as "undifferentiated 

pluripotential centers." Therefore, the notochord is operationally 

mesodermal, but arises from ectodermal cells of Hensen's node and the 

blastopore lip. This is a rather vague distinction because strictly 



interpreted, the mesoderm also originates from ectodermal cells (Huber 

1918; Gruneberg 1963). 

Tissue Interactions in Morphogenesis 

During gastrulation and neurulation tissue masses from the 

7 

three germ layers migrate extensively. Unlike tissue movements in adult 

organisms, these migrations are irreversible. Furthermore, the basic 

structure of the organism is altered and new structural elements such 

as notochord, archenteron and neural tube are formed (Vogt 1925). 

Numerous investigations offer explanations for the mechanisms .bY which 

these movements are achieved. This is especially true in the case of 

the notochord because of its known role (Spemann 1938, pp. 141-199, 

268-270) in establishment of cephalo-caudal orientation for the de

veloping embryonic axis. 

Transplantation Experiments 

This is perhaps the earliest and most common technique utilized 

to determine mechanisms of morphogenetic movements. Small pieces of 

embryos in various stages of development are removed and inserted into 

wounds of the same embryo (autoplastic), to another embryo of the same 

species (homoplastic) or to an individual of a different species, but 

the same genus (heteroplastic) (Spemann 1938, pp. 127-14o; Balinsky 

1970, pp. 230-331). 

Prospective Potency. At the University of Freiburg, Spemann 

developed the concept of prospective ·potency using transplantation 



methods to study the determination of presumptive ectodermal areas 

(Spemann 1938, pp. 127-1*̂ 0). He used amphibian embryos (Tritutus 

cristatus and Triturus taeniatus) with different pigmentation patterns 

and exchanged small pieces of presumptive epidermis and presumptive 

neural tube in early gastrula embryos. Grafted epidermis was trans

formed into host neural plate and later neural tube. Conversely, the 

grafted nervous tissue conformed to its new surroundings and differen

tiated into skin epidermis. Mangold (1923) transplanted undifferen

tiated ectoderm of developing Triturus to the lip of the blastopore of 

a similar stage embryo. During gastrulation the graft was drawn into 

the interior of the host. The grafted tissue then differentiated with 

conformity to its surroundings and participated in the development of 

host notochord, somites, lateral plate mesoderm, kidney tubules and 

wall of the gut. Therefore, the ability of certain parts of early 

gastrula embryos to develop in more than one way (perspective potency) 

was recognized. 

Determination. Results of transplantation experiments are 

quite different if donor and host embryos are post-gastrula. At this 

time transplanted presumptive neural tissue differentiates into brain 

or spinal cord regardless of graft site (Spemann 1938, pp. 2̂ 7-259)• 

Similarly, when presumptive epidermis from late gastrula embryos is 

transplanted to the area of presumptive neural tube, it does not form 

nervous tissue, but rather develops into epidermis (Spemann 1938, pp. 

98-127)• This implies that during gastrulation, the prospective 
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potencies of neural tissue and epidermis are narrowed and the resultant 

limitations of fate in the developing tissues are known as determina

tion (Spemann 1938, pp. 20*f-212; Balinsky 1970, p. 233). This phe

nomenon is demonstrated by all three basic embryonic tissue types. It 

should be pointed out, however, that tissue determination applies to 

regions of developing embryos and not to all post-gastrula cells. 

Therefore, many adult cells are undetermined. 

Induction. The dorsal lip of the blastopore of one embryo was 

transplanted into the lateral blastopore lip of a host embryo (Spemann 

1938, pp. 1̂ 1-169; Balinsky 1970, pp. 230-2*fl). Both embryos were 

early gastrulae. As the host embryo developed, the graft invaginated 

and a secondary system of organs developed in the host embryo. This 

"additional" embryo lacked the anterior part of the head, but the pos

terior part was present as indicated by a pair of ear rudiments. 

Later experiments showed that the anterior part of the head also de

veloped in response to transplantation of the dorsal lip of the blas

topore. Investigation of this heteroplastic transplant showed that the 

notochord of the secondary embryo was composed entirely of graft cells 

while somites were a mixture of graft and host. The neural tube, 

kidney tubules, ear rudiments and cells lining the gut of the secondary 

embryo consisted of host cells. These structures were not formed when 

the graft was not present. Therefore, the dorsal lip of the amphibian 

blastopore was shown to exhibit special "organizing" properties. The 

process by which these properties influence certain organs of the host 
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embryo to develop is called embryonic induction and the source of this 

influence is an inductor (Balinsky 1970, p. 23*0. Specific embryonic 

regions, the dorsal lip of the blastopore in amphibians (Spemann 1938, 

pp. 1̂ 1-169) or Hensen's node in chick (Waddington 1933; Waddington and 

Schmidt 1933) and mammals (Waddington 193̂ , 1936) are inductors of 

neural plate. These regions aire termed primary organizers (Spemann 

1938, pp. 367-372; Balinsky 1970, pp. 236-2̂ 1), chordamesoderm or 

primary mesenchyme (Hay 1968) and give rise to notochords, somites and 

prechordal mesoderm (Bautzmann 1926). 

Competence. Chordamesoderm is not omnipotent in its ability to 

induce development. Only specific types of tissues respond to it. 

Although neural plate formation can be induced by chordamesoderm in 

various areas of ectoderm, endoderm and mesoderm do not respond in this 

fashion (Balinsky 1970, pp. 231-236). This indicates that developing 

tissues exhibit certain inherent potentialities of their own which may 

be activated within their limits by an inductor agent. The host tissue 

must demonstrate competence or the capacity to respond to the inducing 

tissue. 

Prior to gastrulation, surface ectoderm is not competent to 

respond to the inducing influence of primary mesenchyme (Machemer 1932). 

This reactive ability is highest in early gastrula stage and progres

sively declines. Following gastrulation this responsiveness is lost. 

Therefore, competence for neural induction is restricted to surface 

ectoderm and is present only for a short period. If ectoderm is not 



11 

stimulated to differentiate into neural tissue during gastrulation, it 

forms epidermis. 

Transfilter Experiments 

In normal development, induction of neural plate by underlying 

chordamesoderm is defined as a first order induction (Hay 1968). 

Second, third and fourth order interactions are successive generations 

of inductions beginning with the three primary germ layers and their 

respective derivatives. 

In early studies of first order inductions, great efforts were 

made to determine the vital activity (evocator) of the primary organ

izer. Dorsal lip of amphibian blastopore was killed by various methods · 

such as boiling, exposure to alcohol or petroleum ether, freezing or 

desiccation prior to transplantation into living embryos (Bautzmann 

et al. 1932). Surprisingly, first order inductions occurred in response 

to this killed chordamesoderm. Moreover, it was soon learned that 

these inductions could be affected by a bewildering array of substances 

such as steroids (Waddington et al.l934), agar-extract from boiled 

muscle (Wehmeier 1934), weak organic acids (Fischer et ~1935), weak 

solutions of methylene blue dye (Waddington, Needham and Brachet 1936) 

and even saline (Holtfreter 1947). In addition, first order inductions 

were brought about by physical stimuli, or introduction of organizing 

substances obtained from one species into embryos of a different 

species (Waddington and Schmidt 1933; Waddington 1934). There was much 

controversy related to the significance of cell-to-cell contact in the 
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primary induction process. Brachet and Hugon de Scoeux (19^9) inter

posed membranes with 3.^ Mm pores between cultured chordamesoderm and 

overlying ectoderm. This study demonstrated a slight neural inductive 

response. In a later study, Saxen (1961) showed unequivocal neural 

induction in vitro after interposing a Millipore membrane filter (20 fim 

thick) with an average pore size of 0.8 fim between competent gastrula 

ectoderm and the dorsal lip of the blastopore. This strongly suggested 

that the action of the inductor was mediated chemically. 

More recently, mechanisms of tissue interaction in second order 

inductions have been studied extensively. These investigations were 

made possible by two factors, the apparent specificity of the tissues 

involved and the development of a simple method for dissociating cells 

and tissues with trypsin and versene (Moscona 1952). In 1953» Grobstein 

utilized this technique to separate salivary epithelium from the under

lying connective tissue in the embryonic mouse. When each component 

was cultured independently, both failed to differentiate. When the 

separated epithelium and mesenchyme were incubated at a glass-clot 

interface, the epithelium differentiated into credible salivary gland 

tubules and acini. Furthermore, when a cellulose-ester membrane filter 

(pore size lptm) was placed between the two dissociated components, 

epithelium also differentiated. This indicated that the "evocator" 

could pass through pores of filters. Ultrastructural studies of simi

lar trans-filter experiments of embryonic mouse pancreatic epithelium 

and salivary mesenchyme, demonstrated collagen-like fibers at epithelial 



surfaces of interposed membrane filters after *f8 hours of incubation 

(Kallman and Grobstein 196*+) • 

Numerous studies have been carried out on various organs to 

determine the interaction involved between epithelium and their in

vesting mesenchyme during morphogenesis. Salivary and bronchial epi

thelium required homologous epithelium in order to become more highly 

differentiated (Bernfield and Wessells 1970), while pancreatic or skin 

epithelium showed characteristic development in response to mesenchyme 

from various sources (Golosow and Grobstein 1962; Dodson 1967). Pan

creatic epithelial differentiation occurred in the absence of mesen

chyme when embryo extract is added to the culture medium (Rutter, 

Wessells and Grobstein 196*f; Ronzio and Rutter 1969). In some cases 

mesenchymal tissues exerted a controlling effect upon the developing 

epithelium which may reflect the origin of the mesenchyme (Alescio and 

Cassini 1962; Kratochwil 1969; Spooner and Wessells 1970; Holtfreter 

1968). These latter investigations showed that epitheliomesenchymal 

cell contact is not essential for induction, and therefore, attention 

was focused on the role of extracellular matrix (ECM) in morphogenesis. 

In autoradiographic studies of trans-filter epitheliomesen

chymal in vitro systems, Kallman and Grobstein (1965) showed that the 

mesenchyme was more active than epithelium in production of proline-

and glycine-containing extracellular materials. These latter substances 

passed across the filter membrane and accumulated at the epithelial 

surface, where ultrastructurally identifiable collagen was also located. 

Moreover, these proline and glycine labels were removed following 



exposure to collagenase, but not by hyaluronidase. It was suggested 

(Kallman and Grobstein 1965) that a collagenous component of the mesen

chymal ECM may act at the molecular level to be partially responsible 

for the interactive mechanisms which lead to inductive processes. 

Since ECM has been implicated in the inductive processes of 

morphogenesis I will discuss this subject in detail. 

Role of Extracellular Matrix (ECM) 
in Morphogenesis 

Collagen 

Collagen is the most abundant extracellular protein found in 

nature (Grant and Prockop 1972). In adult vertebrates it is located 

almost exclusively within the tissue space where it is manifested mor

phologically by basal lamina and fibrils of various sizes. These 

extracellular materials are found frequently at epithelial-mesenchymal 

junctions in both developing and mature organisms (Edds and Sweeny 

1961; Hay and Revel 1963; Grobstein 1968). Furthermore, collagen may 

play an important role in morphogenesis (Stuart and Moscona 1967; 

Wessells and Evans 1968; Fitton-Jackson 1968). 

Biochemistry. Collagen is a glycoprotein that amounts to about 

25$ of all protein in the vertebrate body and is present in all connec

tive tissues (Grant and Prockop 1972). It is synthesized and degraded 

continuously in most organisms. In vertebrates it consists of a hetero

geneous population of molecules representing at least five gene 

products (see Trelstad 1973* for review). 
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Fibrous collagen is a crosslinked, insoluble material composed 

of essentially identical subunits. Gross examination of connective 

tissue such as tendons or ligaments shows large, longitudinally ori

ented collagen fiber bundles. At the level of light microscopy these 

bundles consist of numerous eosinophilic fibers which measure up to 

12 fim in diameter. By electron microscopy these fibers appear as 

bundles of still smaller (350-3,0008) and usually parallel unit colla

genous fibrils with conspicuous axial periodicity. Two other connective 

tissue fibril types are identifiable by electron microscopy. Micro

fibrils (Low 1962; Haust 1965) are 100-300S in diameter, unbanded and 

occupy the connective tissue space where they are associated frequently 

with the larger unit collagenous fibrils. Microfibrils respond to 

collagenase digestion (Frederickson and Low 1971) and hence are sus

pected to be at least partially collagenous. In addition, a finely 

filamentous material composed of ultrastructurally recognizable fibrils 

^0-608 in diameter is visualizable in the lamina densa of most basal 

laminae. These fine fibrils, called primary fibrils by Low (1967) also 

are thought to be collagenous. 

Unit collagenous fibrils display prominent striations which may 

vary from **00-7008 depending,upon the maturity of the fibril and the 

type of preparation. Periodicity apparently is due to a specific 

alignment of basic molecular units of collagen called tropocollagen. 

These molecules are thin rods about 158 in diameter, 3,000S long and 

exhibit five charged regions which under appropriate conditions stain 

with a characteristic banding pattern (Grant and Prockop 1972). 
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It was suggested initially (Schmitt, Gross and Highberger 1955) 

that the tropocollagen molecules aligned themselves in a quarter-

stagger arrangement which resulted in a longitudinal displacement by a 

distance equal to one quarter the length of the component molecules. 

Subsequent measurements (Petruska and Hodge 196*0 indicated, however, 

that the quarter-stagger arrangement is not exact, and a gap of about 

klO% occurred between the end of one tropocollagen molecule and the 

beginning of the next on the same line. 

Tropocollagen molecules consist of three polypeptide chains 

coiled in a unique right-handed helical structure. Each chain contains 

about 1,000 amino acids and has a molecular weight of approximately 

95i000 Daltons. The chains are parallel and extend the full length of 

the tropocollagen molecule. Unlike most helices found in non-collagenous 

proteins, there are no hydrogen bonds between amino acids in the same 

chain, but these bonds do exist between adjacent chains within the same 

tropocollagen molecule (Ramachandran 1967). Also, the helix formed by 

each chain is more extended than those of most non-collagenous proteins 

so that the axial distance between one amino acid and the next is 2.9lS 

rather than the typical I.5X. 

The unique nature of the collagen helix is due largely to its 

unusual amino acid sequence and composition. Collagen is distinguished 

from other proteins by a high percentage of glycine (33$)1 a high con

tent of imino acids, proline and hydroxyproline (22$), the presence of 

hydroxylysine and either few or no cystine, methionine, phenylalanine, 

tyrosine, tryptophan or histidine residues (Grant and Prockop 1972). 
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Consequently, collagen shows practically no absorption at 280 nm (Gould 

1968). 

Every third amino acid in each polypeptide chain is glycine 

(Grant and Prockop 1972). Therefore, collagen can be considered to be 

a polymer of tripeptide units with the formula (Gly-X-Y). The amino 

acid in the X position is frequently proline. The nitrogen atom of 

this imino acid is fixed in a ring structure and hence limits the ro

tation of the polypeptide chain. The third amino acid (Y position) in 

the tripeptide formula is often hydroxyproline, an imino acid which 

further limits chain rotation. Studies of a variety of polymers shows 

that tripeptide structures containing a significant amount of glycine, 

proline and hydroxyproline demonstrate individual helices, the con

formation of which closely resembles collagen. This indicates an 

intrinsic tendency toward the formation of the triple helix, but further 

conformational stabilization is necessary. Such stabilization is pro

vided by systematic interchain bonds between NH groups of glycine in 

one chain and C=0 groups of proline or some other amino acid in the X 

position of the second chain. 

At present, four different collagen species are identified in 

vertebrate tissues (Miller and Matukas 197^; Trelstad 197*0. These 

species vary in primary structure and in the distribution of five 

genetically distinct polypeptide chains which have been identified in 

triple helices of vertebrate collagens. Vertebrate skin collagen or 

Type I collagen is the most commonly studied species and 

consists of two identical chains called al type I, or al(l). The third 



chain in this species has a different primary structure and is called 

a2. The cartilagenous species (Type II collagen) is composed of three 

identical al chains which have been termed al type II, and the short

hand for the triple helix is /al(.llY7j. The third molecular species 

of collagen is located in human fetal skin (Type III collagen) as well 

as a variety of other tissues, and contains chains of the al type. 

These chains differ from al type I, and al type II in amino acid se

quence and composition and are therefore called al type III. The 

triple helix formed by these chains is /al(IIl)7^. Type IV collagen 

is found in basement membranes of various structures (Kefalides 1971)* 

This collagen molecule /^zl(IV)7j is composed of three identical chains, 

but further characterization of this molecule has not been accomplished. 

Experimental Studies. A number of experimental studies test 

the ability of collagen to promote cellular differentiation. Following 

exposure to collagenase, ureteric bud epithelium (Grobstein and Cohen 

1965), lung epithelium (Wessells and Cohen 1968) and salivary gland 

epithelium (Bernfield and Wessells 1970) grown transfilter from mesen

chyme fail to develop normal branched epithelial morphology. These 

inferential data are inconclusive but suggest that a collagenous com

ponent of mesenchymal ECM was partially responsible for inductive 

activity (Grobstein 1968). The best evidence to date which supports 

this concept is provided by Konigsburg and Hauschka (1965) who show 

that embryonic chick muscle cells in culture form colonies that produce 

differentiated muscle filaments only when grown in the presence of a 
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metabolic product of fibroblasts, i.e., collagen. It is now known that, 

in addition to the fiber-forming connective tissue cells studied in 

classical histology, many non-mesenchymal tissues are capable of col

lagen production. Furthermore, various embryonic epithelia such as 

the notochord (Lauscher, Carlson and Upson 1973; Linsenmayer, Trelstad 

and Gross 1973; Carlson and Upson 197lM Lauscher and Carlson 1975), 

cornea (Goodfellow, Revel and Hay 1969; Dodson and Hay 1971; Hay and 

Dodson 1973), neuroepitheliura (Cohen and Hay 1971; Trelstad et al. 

1973), pigmented retina (Newsome and Kenyon 1973) and epimyocardiura 

(Johnson et al. 197*0 are vigorous collagen producers. It seems reason

able, therefore, that collagen may not only play a role in mesenchymal-

epithelial interactions (Kallman and Grobstein 1965; Grobstein 1967), 

but in epithelial-epithelial and epithelial-mesenchymal interactions 

as well (Hay 1968). 

In summary, it has been demonstrated that collagen plays a role 

in embryonic tissue interactions. Since collagen is known to occur in 

a variety of molecular species, this heterogeneity could provide dif

ferent mechanisms by which these tissue interactions occur. The current 

understanding of the methods by which extracellular materials operate 

during developmental events is fragmentary. No one has provided an 

experimentally substantiated idea about the mechanism of the collagen-

cell interactions which occur during development. 
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It is likely that more than one component of the EQ1 is active 

in embryonic inductions. This is substantiated by recent demonstra-

tions of glycosaminoglycan (GAG) production by various embryonic epi-

thelial tissues (Toole and Trelstad 197l; , Meier and Hay 1973; Manasek 

et al. 1973; Hay and Meier 1974; Kosher and Lash 1975). 

Biochemistry. In general, GAG's consist of linear polymers of 

monosaccharides (hyaluronate is a possible exception) that are cova-

lently linked to polypeptides to form macromolecules (Lamberg and 

Stoolmiller 1974; Manasek 1975b). The proteinaceous core is typically 

a minor component (10-20%) while the sugar constituent of each GAG is 

more prominent and shows characteristic chain length and molecular 

weight (Table 1). 

The polysaccharide component of GAG's are polyanions due to the 

large number of carboxyl and sulfate groups. Normally these macromole

cules exhibit interaction with counterions such as Na+ with which they 

form salts (Schubert and Hamerman 1968, pp. 55-70). 

The core protein components of cartilage GAG's are partially 

characterized (Pal, Doganges and Schubert 1966; Franek. and Dunston 

1967; Rosenberg et al. 1970), but little is known about the core pro-

tein in non-chondrogenic tissues or developing systems. The core 

protein of chondroitin and chondroitin-4-sulfate is synthesized on 

membrane bound polysomes prior to polysaccharide synthesis. The 

linkage of the repeating disaccharide units (up to about 60) to the 



Table 1. Subunit composition and linkages of glycosaminoglycan polysaccharide. — From 
Manasek 1975b. 

Polysaccharide Hexosamine Hexuronate Linkages 

Hyaluronate 
Q 

N-Ac -glucosamine Glucuronate 0, 1-3, 1-4 

Chondroitin N-Ac-galactosamine Glucuronate 0. 1-3, 1-4 

Chondroitin sulfate 
4,6 

N-Ac-galactosamine 
(sulfated) 

Glucuronate >3. 1-3, 1-4 

Heparan sulfate N-Ac-glucosamine 
(sulfated) 

Glucuronate 
Iduronate 

0, 1-4 
1-4 

Heparin N-Ac-glucosamine 
(sulfated) 

Glucuronate 
Iduronate 

0. 1-4 
1-4 

Keratan sulfate N-Ac-galactosamine 
(sulfated) galactose 

1-3, 1-4 

Dermatan sulfate N-Ac-galactosamine 
(sulfated) 

Iduronate 0. 1-3, 1-4 

^-Ac = N-acetyl. 
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core protein is as follows: a-D-glucuronic acid-galactose-galactose

xylose-serine (Thorp and Dorfman 1963; Tesler, Robinson and Dorfman 

1965; Horwitz and Dorfman 1968). A glycosidic bond exists between 

xylose and the hydroxyl group of serine residues present in the core 

protein. Therefore, GAG's contain highly systematic regular poly

saccharides linked to a minor protein core. It is believed that GAG's 

typically exist as proteoglycans (chondromucoproteins) which are pro

ducts of differentiating cartilage cells in vivo (Levitt, Ho and 

Dorfman 1974). The elucidation of their chemical natures, therefore, 

permits in depth studies of their role in development. 

Experimental Studies. Vertebral qhondrogenesis is known to be 

dependent upon the presence of embryonic spinal cord and notochord in 

vivo (Holtzer and Detwiler 1953; Strudel 1953). These tissues are also 

capable of stimulating somites to undergo chondrogenesis in vitro (Lash, 

Holtzer and Holtzer 1957). These somites undergo chondrogenesis only 

when they are properly "induced." Nevertheless, with improved culture 

methods embryonic chick somites also synthesize chondroitin sulfate and 

undergo chondrogenesis in culture in the absence of spinal cord or 

notochord (Lash, Hommes and Zilliken 1962; Lash 1967). However, a 

number of investigators (Nevo and Dorfman 1972; Kosher, Lash and Minor 

1973) demonstrate that the addition of pur_ified exogenous chondromuco

protein to cultured embryonic epiphyseal cartilage cells results in 

stimulation of in vitro somite chondrogenesis. This altered activity 

includes a 2-3 fold increase in sulfated Gag's accumulated by somite 

explants. Conversely, purified hyaluronate (a non-sulfated GAG) blocks 
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the formation of cartilagenous nodules and chondrogenesis from embry

onic chick somitic cells in vitro (Toole 1972; Toole, Jackson and Gross 

1972; Vaerwyck and Solursh 1973; Solursh, Vaerwyck and Reiter 197*0• 

It has been suggested that specific GAG's such as chondroitin sulfate 

or hyaluronate may act as regulators of the synthesis and accumulation 

of other GAG's and thus may play an important role in cellular migra

tion, aggregation and differentiation. 

Glycoproteins 

Biochemistry. Glycoproteins are known to be present in ECM of 

developing systems (Manasek 1975a, 1975b, 1976). These molecules con

tain heterogenous polysaccharides covalently linked by serine, threonine 

or asparagine residues to a predominant protein core. The carbohydrate 

moieties are more diversified than those found in GAG's. Unlike the 

linear structure of acid mucopolysaccharides, glycoproteins typically 

exhibit a branched configuration due to the attachment of one or more 

carbohydrate chains to the protein core. The side chains are composed 

of 2 to 15 monosaccharide units which may consist of 2 to 6 different 

types of sugars with glycosidic linkages: amino sugars, sialic acids, 

or neutral sugars (i.e., L-fucose) (Manasek 1975b)• Glycoproteins 

exhibit a lack of repeating units in the prosthetic group and the 

arrangement of sugar residues within these groups seems to be specific 

for each glycoprotein (Sambourg 1971)• 

Glycoproteins such as thryroglobulin, ovalbumin, ribonuclease 

B and others are adequately characterized, but are not considered to 
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be permanent components of ECM. Non-collagenous glycoproteins associ

ated with bone, cartilage and cell surface coats are part of the ECM, 

but have not received the same attention as the others and therefore 

are poorly understood (LeBlond and Bennet 197^; Manasek 1975b). 

Experimental Studies. Alterations of glycoprotein concentra

tions are known to occur at the interface of developing chick lens 

rudiment and optic vesicles during lens differentiation (Hendrix and 

Zwaan 197*0. Moreover, an increased glycoprotein synthesis occurs in 

vitro in rabbit palates at a time which corresponds to the contact and 

adherence of the palatal shelves (DePaola et al. 1975)• In addition, 

fucose-containing glycoproteins are a normal component of the central 

axis of developing chick embryos (Manasek 1975a) as well as in cardiac 

ECM (Manasek 1976). Therefore, it is possible that these macromole-

cules may play a role in embryonic tissue interactions. 

The foregoing literature review describes the major components 

of ECM in developing systems. This matrix is comprised of a variety of 

macromolecular substances as well as water and numerous ions. Since 

many embryonic epithelia produce collagen, GAG's and glycoproteins, it 

seems possible that these macromolecules act in concert as they in

fluence embryonic tissue interactions. Moreover, the entire embryonic 

extracellular matrix may be a complex macromolecular composite, the 

structural integrity of which is necessary for normal cytodifferen-

tiation. 
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Chemical Manipulation of ECM 

Numerous chemicals are known specifically and/or selectively to 

affect connective tissue metabolism. The following is a brief account 

of two substances utilized frequently to alter the physical properties 

(BAPN) or production (cis-hydroxyproline) of collagen. 

Effect of Beta-aminopropionitrile (BAPN). Beta-aminopropionitriLe 

(BAPN) is an organic nitrile which produces a connective tissue dis

order called lathyrism. BAPN is a member of one of four groups of 

lathyrogens — organic nitriles, ureides, hydrazides and hydrazines 

(Levene 1968). BAPN is known to impair the crosslinking of newly ex

truded collagen and elastin, by inactivating lysyl oxidase, an enzyme 

responsible for oxidative deaminization of f-amino groups of lysine or 

hydroxylysine (Martin et al. 1961; Martin and Pinnell 1966; O'Dell 

et al. 1966; Narayanan, Siegal and Martin 1972). This decreases avail

able aldehydes from which covalent crosslinking cross-linkages are 

formed. Consequently, an increase in neutral salt soluble collagen is 

observed (Hurley and Ham 1959; Levene and Gross 1959). 

In 19691 Aleo showed that BAPN has little effect on the via

bility of 3T6 fibroblasts, but reduces cellular proliferation in these 

cultures. BAPN-treated cells produce approximately twice as much 

hydroxyproline as did controls. Paradoxically, BAPN also seems to 

enhance the accumulation of an underhydroxylated intracellular collagen 

precursor (Aleo, Novack and Levy 197*0• No studies have been carried 

out to determine the effect of BAPN upon total collagen synthesis in 

vivo. 
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Results of studies designed to test the effect of BAPN upon 

cartilage fibers and ground substance in vivo are conflicting. Follis 

and Tousimis (1958) report a decrease in fibers present in lathyritic 

cartilage as compared to controls. Other investigators (Matukas, 

Panner and Orbison 1968) demonstrate no apparent decrease in the number 

of fibers in lathyritic cartilage, but granular material is reduced. 

In addition, different cartilagenous areas respond differently to BAPN, 

e.g., the hypertrophic zone is more susceptible to changes than other 

zones. Bentley, Wuthrich and VanBuren (1970) show that in rats and 

rabbits kept on a BAPN diet, collagen biosynthesis, degradation and 

tissue content in skin and costal cartilage is comparable to control 

animals. They further suggest that changes described previously are a 

secondary result brought about by impairment of collagen fiber integ

rity. 

Other studies have shown that polysaccharide metabolism in 

vivo may be increased, decreased or unaltered following BAPN treatment 

(Churchill et al. 1959; Elders et al. 1973; Follis and Tousimis 1958; 

Matukas et al. 1968; Bentley et al. 1970). 

Investigations of the effect of BAPN on in vitro cell cultures 

demonstrate an overall increase in polysaccharide synthesis. Fibro

blasts from human gingiva cultured in the presence of BAPN exhibit 

increased production of protein-bound hexose (Burzynski 1963)• Bickley 

and Orbison (196*0 show an increase in the uptake of sulfate into large 

molecules, presumably chondroitin sulfate, by cultures of lathyrus-

treated strain L fibroblasts. Exposure of strain L cells to BAPN does 
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not alter their structural morphology, but reduces proliferation (Aleo, 

Orbison and Hawkins 196?). Furthermore, these cells show increased 

synthesis of glycogen and uronic acid in vitro, but this increase is 

not visualized histochemically. 

Dirksen et al. (1975) report the effects of BAPN on lipid syn

thesis during bone morphogenesis and demonstrate that high concentra

tions of BAPN (100 mM) together with short incubation periods or low 

concentration of BAPN (20 mM) with long preincubation periods result 

in enhanced lipogenesis by rat calvariae. Therefore, synthesis of bone 

lipids in vitro is dependent upon BAPN concentrations and incubation 

times. Other investigators demonstrate that BAPN inhibits mechanisms 

of de novo lipid synthesis in vitro (Aleo and Dirksen 1975)• 

The effect of BAPN of glycoprotein metabolism in vivo and in 

vitro is not known. Moreover, most BAPN studies have been directed 

toward adult connective tissues. No work has been carried out on the 

effect of BAPN on embryonic epithelial structures. 

I 

Effects of Cis-hydroxyproline. Stetten (19^9) shows that the 

majority of trans-hydroxyproline found in collagen is derived from 

proline. Other investigators demonstrate later that less than 0.3% of 

the hydroxyproline in collagen is derived from free trans-hydroxyproline 

(Rosenbloom and Prockop 1971)* Various studies show that proline 

analogs such as azetidine-2-carboxylic acid, 3,^-dehydroproline, cis-

't-fluoroproline and cis-hydroxyproline are incorporated into collagen 

in place of proline (Takeuchi and Prockop 1969; Takeuchi, Rosenbloom 

and Prockop 1969; Rosenbloom and Prockop 1970, 1971). These collagens, 



however, are not extruded from cartilage cells at a normal rate. The 

substitution of cis-hydroxyproline for proline has a unique effect on 

collagen synthesis. Unlike other proline analogs, its incorporation 

into procollagen does not alter the proportion of hydroxylation of 

proline and lysine within that molecule. In addition, the lysine of 

the cis-hydroxyproline containing protein is glycosylated to the same 

extent as controls (Rosenbloom and Prockop 1971)• The decreased rate 

of collagen extrusion following incorporation of cis-hydroxyproline 

indicated that a certain level of trans-4-hydroxyproline may be neces

sary for normal extrusion of intact procollagen. Alternatively, this 

analog could interfere specifically with the secretion of procollagen. 

In either case, cis-hydroxyproline is a useful inhibitor of collagen 

extrusion and together with ̂ H-proline provides a mechanism by which 

collagen production can be monitored morphologically. 

The Role of the Notochord in the 
Production of ECM 

Origin of Notochord Sheath 

The embryonic notochord has been described as an inductor (see 

Kosher and Lash 1975» for review). Only since the advent of electron 

microscopy, however, has a definitive ECM been associated with this 

transient embryonic epithelium. A "halo" of extracellular connective 

tissue fibrils surrounding the notochord (notochord sheath) was de

scribed first by Duncan (1957). He further proposed that these com

ponents of the ECM were derived from notochordal tissues. This idea 

was refuted by Jurand (1962) who argued that the fibrils were produced 



by mesenchyme and subsequently "migrated" to the notochordal surface. 

Later, Low (1968) showed that microfibrils were present at the noto

chordal cell surface long before secondary mesenchymal cells (Hay 1968) 

from the somitic sclerotome were differentiated. These strong infer

ential data for notochordal production of connective tissue fibrils led 

Carlson (1973a) to ultrastructural investigations of the intercellular 

spaces of the embryonic chick notochord of progressively older embyros. 

His study showed that a process of fibrillogenesis occurs deep within 

notochordal interstices and strengthened the idea of notochordal 

origin for ECM. The process began about Hamburger-Hamilton (1951) 

stage 14 (55 hours of incubation) and exhibited a definitive sequence 

of events. The appearance of basal lamina-like material was followed 

by microfibrils and later (stage 20-21) striated collagen-like fibrils 

with a measurable periodicity. 

A second ultrastructural study of developing chick notochords 

(Carlson 1973b) demonstrated a number of membrane-bound dense bodies 

within the developing notochordal cell cytoplasm. Some of these bodies 

contained large (6,000S long) tapered fibrils with a collagen-like 

periodicity. Similar fibril-containing bodies have been described in 

the embryonic corneal epithelium (Trelstad 1971)* This latter epi

thelium is known to produce collagen (Hay and Dodson 1973)• 

Other in vivo studies (Morse 1973) have shown that early micro

fibrils surrounding the notochord were typically unstriated. The 

fibrils in this area do not show a definite periodic substructure 

until about 10 days of incubation. 



In Vitro Studies 

In 19?^» Carlson, Upson and Evans designed a series of in vitro 

experiments to provide direct evidence for the production of ECM by 

isolated notochordal tissues. Early chick notochords were dissociated 

and denuded by microdissection and trypsinization. This was followed 

by in vitro incubation for to 72 hours on a Falcon plastic sub

stratum. It was shown that under these conditions, newly produced 

basal lamina and microfibrils were ultrastrueturally indistinguishable 

from those seen in the in vivo perinotochordal ECM (notochord sheath). 

This study indicated that notochord possesses a secretory autonomy 

which is unique to this tissue; it is the only embryonic epithelium 

known to be capable of secreting an ultrastructurally recognizable 

extracellular matrix without the advantage of being cultured on a col

lagenous substratum. 

Collagen Production by the Notochord 

In 1971» Carlson and Low tested the effect of hydrocortisone on 

developing perinotochordal microfibrils in explanted chick embryos. 

These studies showed that following hydrocortisone treatment of chick 

embryos there was a reduction in perinotochordal microfibrils within 

one hour of treatment, and within 2k hours the extracellular matrix was 

returned to the control state. It was not expected that normal degra

dation of microfibrils would occur within one hour of a general protein 

synthesis inhibition by the steroid and therefore, a catabolic effect 

of hydrocortisone was postulated. If the reduction in fibrils was a 
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result of general protein synthesis inhibition, it is possible that 

microfibrils may possess a proteinaceous moiety. This is compatible 

with enzyme digestion studies (Frederickson and Low 1971) which show 

that large (200~) microfibrils are collagenase-sensitive and therefore 

may be composed partially of collagen. 

Recent in vitro studies have shown that isolated notochordal 

cells are capable of secreting biochemically identifiable collagens 

(Linsenmayer et al. 1973; Miller and Mathews 1974). Furthermore, most 

of the collagen is not Type I collagen usually observed in skin and 

bone. Rather, notochordal collagen is composed of three identical a-1 

chains, which strongly resemble the Type II collagen of cartilage. 

Glycosaminoglycan (GAG) Production 
by the Notochord 

It is known that the embryonic chick notochord actively secretes 

GAG's. In vivo studies (Ruggeri 1972; O'Connell and Low 1970) provide 

histochemical support for this idea. In addition, enzyme digestion· 

studies by Frederickson and Low (1971) strongly suggest that at least 

small (100~) microfibrils are hyaluronidase-sensitive and therefore 

probably composed, in part, of GAG. More recently, in vitro studies 

(Hay and Meier 1974: Kosher and Lash 1975) show that isolated nato-

chordal tissues secrete chondroitin-4-S04, chondroitin-6-S04 and 

heparan S04 in a ratio of approximately 2:2:1. 

Glycoprotein Production by 
the Notochord 

Although little is known about the structure and composition of 

extracellular glycoproteins, it has been shown that these molecules are 



found associated with the neural tube, sclerotome and notochord during 

in vitro embryonic development (Manasek 1975a). Autoradiographic 

studies show that glycoprotein precursors are incorporated by noto-

chordal cells in vitro (Lauscher 1976). 

The Approach Used in the Present Study 

The foregoing literature review shows that notochordal tissues 

induce embryonic cytodifferentiation and produce biochemically identi

fiable collagens and GAG1s in vitro. Furthermore, these cultured 

tissues produce an ultrastructurally recognizable ECM which is indis

tinguishable from that seen in the perinotochordal connective tissue 

space in vivo. Specific spatial relationships of biochemical products 

to morphologically recognizable materials, however, are not known. It 

seems reasonable, therefore that a rigorous attempt should be carried 

out specifically to localize notochordal macromolecular secretions. 

It is apparent that in order to successfully characterize noto

chordal ECM at the level of fine structure, at least three provisions 

are necessary: 1, an in vivo morphological data base to serve as a 

control; 2, the production of morphologically recognizable ECM by a 

pure culture of notochordal epithelial cells in vitro; and 3, reliable 

morphological methods for analysis of notochordal ECM. The following 

chapter describes the procedures that I used to meet these provisions. 

The section on "Light and Electron Microscopy" gives the methods by 

which the in vivo morphological data base was established. The "Organ 

Culture" section provides a description of the experiments designed to 



produce ECM by a pure culture of notochordal cells. The remaining 

sections elucidate the procedures and experimental conditions which I 

designed for the analysis of specific morphological components of 

notochordal ECM. 



MATERIALS AND METHODS 

Materials 

All reagents were Reagent Grade unless otherwise specified. 

Light and Electron Microscopy 

Glutaraldehyde, 8$ (10 ml ampules) was purchased from Poly-

sciences, Inc. (Warrington, Pennsylvania) and cacodylic acid (dimethyl-

arsenic acid) crystalline sodium salt was obtained from Sigma Chemical 

Company (St. Louis, Missouri). Nobel agar (special) was purchased from 

DIFCO (Detroit, Michigan). Osmic acid (OsO^ minimum purity 99.9?^) was 

acquired from Stevens Metallurgical Corporation (New York, New York). 

The following chemicals were obtained from Ladd Research Industries, 

Inc. (Burlington, Vermont): propylene oxide; tri(dimethylaminomethyl) 

phenol (DMP-30); dodecenyl succinic anhydride (DDSA); Araldite resin 

502; and Epon 812 epoxy resin. Toluidine blue 0 (with a total dye con

tent of 9190 and paraformaldehyde were purchased from Fisher Scientific 

Company (Fair Lawn, New Jersey). Sodium borate (decahydrate crystal) 

was procured from J. T. Baker Chemical Company (Phillipsburg, New 

Jersey). Ernest F. Fullam, Inc. (Schenectady, New York) was the source 

of 200 mesh and 300 mesh copper grids, uranyl acetate (crystal, Na-free) 

and embedding molds). Lead citrate was obtained from BDH Chemicals, 

Ltd. (Poole, England). Plate glass strips (5.5 mm thick, 25 mm wide, 

kOO mm length) were purchased from LKB Instruments, Inc. (Rockville, 

Maryland). . 

3** 



Photography 

The following materials were obtained from Eastman Kodak Com

pany (Rochester, New York): Dektol developer; DK-50 developer; D-19 

developer; Fixer (general purpose hardening fixer); Rapid Fixer (with 

hardener); Hypo-clearing agent; Photoflo 200 solution; Indicator Stop 

Bath (contains acetic acid); Ektamatic Stabilizer S-10; Ektamatic A-10 

Activator; Ektamatic S-C paper; Kodabromide paper (single weight, F-l, 

F-2, F-3, F-*f, F-5); electron microscope film (estar thick base, 4*t89, 

3)4" x V*); Ektapan film (estar thick base, ^162, k" x 5"); and 

Panatomic-X film (fine grain black and white, Fx 135-36). 

Organ Culture 

The following materials were obtained from Flow Laboratories 

(Inglewood, California): Hank's Balanced Salt Solution (modified); 

Ham's F-10 culture medium (lx with glutaraine, with NaHCO, and without 
j 

serum); fetal bovine serum (mycoplasma free); chick embryo extract, 

50& in Earle's Salt Solution without magnesium and calcium; Fungizone 

(250 jig/ml); Penicillin-Streptomycin (5000 units each/ml); trypsin 

(2.556) in modified Hank's Balanced Salt Solution without magnesium and 

calcium). Plastic tissue culture dishes (35 x 10 mm style) were pur

chased from Falcon Plastics (Oxnard, California). The following items 

were purchased from Grand Island Biological Company (Berkeley, Cali

fornia): Medium 199 (lx) with Earle's salts, 25mM HEPES buffer and 

L-glutamine; calf serum; fetal calf serum; sodium bicarbonate solution 

(7»5&) and tryptose phosphate broth. L-ascorbic acid was obtained from 

American Drug and Chemical Company (Los Angeles, California). All of 
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the following radioisotopes were obtained from New England Nuclear 

(Boston, Massachusetts): L-fucose 6- H, 10-15 Ci/mraole, ethanol:water 

9:1; L-proline 1)—^H(N), 15-30 Ci/mmole, 0.01 N HC1 solution; thymidine 

methyl-^H, 20 Ci/mmole, sterile aqueous. Allo-4-hydroxy-L-proline 

(hydroxyproline-free, A grade) was purchased from CalBiochem (La Jolla, 

California)• 

Histochemistry and Enzyme 
Digestion Studies 

Testicular hyaluronidase (Type V, lyophilized ovine testes) was 

purchased from Sigma Chemical Company (St. Louis, Missouri) and Col-

lagenase II from Worthington Biochemical Corporation (Freehold, New 

Jersey). Tousimis Research Corporation (Rockville, Maryland) was the 

source of ultrapure TEM grade ruthenium violet-free ruthenium red. 

Light and Electron Microscopic 
Autoradiography 

Parlodion and amyl acetate were procured from Ladd Research 

Industries (Burlington, Vermont). NTB-2 Nuclear Track Emulsion was 

obtained from Eastman Kodak Company (Rochester, New York) and Ilford 

L-k Nuclear Track Emulsion was purchased from Ilford Nuclear Research, 

Ltd. (Ilford, Essex, England). 

Liquid Scintillation 

Omnifluor (22.8 g/gal toluene) was purchased from New England 

Nuclear (Boston, Massachusetts). Triton X-100 was obtained from Sigma 

Chemical Company (St. Louis, Missouri). Beta-aminopropionitrile 
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fumarate was procured from Aldrich Chemical Company, Inc. (Milwaukee, 

Wisconsin). 

Methods 

Light and Electron Microscopy 

Fertile hens' eggs of the White Leghorn strain were purchased 

from The University of Arizona Poultry Research Center. They were in

cubated at 37°C (6056 relative humidity) in a redwood forced-draft 

incubator for two and one half days. Following cleaning with sterile 

gauze pads saturated in 99# alcohol, the eggs were opened at the air-

sac end by boring a hole with the top of a micro-chisel. The calcareous 

shell was chipped away with forceps and the outer and inner shell mem

brane removed to expose the embryos. Sterile, rectangular filter paper 

rings (5 mm x 10 mm) were positioned around the embryos. The vitelline 

membrane and subjacent extraembryonic structures were cut peripheral 

to the paper ring with an iridectomy scissor. The paper ring and 

attached embryonic tissues were then transferred to sterile Hank's 

Balanced Salt Solution (HBSS) and the embryos staged according to 

Hamburger and Hamilton (1951)• 

Some embryos were prepared immediately for light and electron 

microscopy and served as in vivo controls. These were immersed in toto 

for one hour in cold (*t-°C) paraformaldehyde-glutaraldehyde fixative 

buffered at pH 7.^ with 0.2 M sodium cacodylate (Karnovsky 1965). 

During this primary fixation three transverse razor cuts trisected the 

embryos to ensure proper penetration by the fixative. Resultant tissue 



specimens were postfixed one hour in 2% osmic acid buffered with 0.144 

M sodium cacodylate buffer followed by a three minute buffer rinse. 

Tissues were dehydrated in an ascending series of graded ethanols 

(50%- 100%). The following Epon-Araldite mixture was used as the 

embedding medium (Anderson and Ellis 1965): 

30.0 mls DDSA 
12.5 mls Epon 812 
10.0 rnls Araldi te 502 
1.5 mls DMP-30 

Notochords were isolated from chick embryo trunk segments as 

described in "Organ Culture." Cultured and uncultured isolated nato-

chords were fixed one hour in cold (4°C) Karnovsky's (1965) fixative 

buffered at pH 7.4 with 0.2 H sodium cacodylate buffer. Following 

three rinses with 0.2 M sodium cacodylate buffer, tissues were post-

fixed one hour at room temperature with 2% osmic acid buffered with 

0.144 M cacodylate buffer. Notochords were rinsed once in 0.144 M 

sodium cacodylate buffer (three minutes). Uncultured control nota-

chords and some notochords incubated less than 12 hours did not adhere 

to the Falcon plastic substratum. Following osmication these nota-

chords were surrounded by several drops of warm 2% Nobel agar which 

aided their further manipulation. All notochordal tissues were dehy-

drated in a graded series (50% - 100%) of ethanols. Agar-embedded 

tissues were exposed to three changes of propylene oxide for additional 

dehydration. Tissues were oriented in flat rubber embedding molds and 

warmed overnight in a 37°C oven. Epoxy blocks were cured in a 60°C 

oven for 48 hours. 
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Excess epoxy resin was trimmed with a single edge Personna 

razor blade until block faces were trapezoidal with sides less than 

1 mm. Glass knives were made from 1/4" glass strips on an LKB knife-

maker. One micron thick sections were cut .with glass knives mounted 

on a Sorvall MT-2 Ultramicrotome, transferred to 1" x 3" glass micro

scope slides and stained with toluidine blue (1# in 1% sodium borate). 

These tissues were observed and photographed with an Ultraphot II 

(Zeiss Optics, Inc.) equipped with b" x 5" focal plane camera. Thin 

sections (500-800$) were cut with a DuPont diamond knife mounted on a 

Sorvall MT-2 Ultramicrotome and collected on uncoated copper grids (200 

or 300 mesh) cleaned previously with glacial acetic acid and acetone. 

Thin sections were stained with uranyl acetate (5^ in absolute ethanol, 

or 29o in 7Q& ethanol) and lead citrate (Venable and Coggeshall 1965), 

observed and electron microscopically recorded at original magnifica

tions of 1,800 to 33,000 diameters in a Philips EM 300 transmission 

electron microscope. 

Photography 

Exposed electron microscope films were transferred in the dark 

to 354" x metal film holders which were placed in metal racks con

nected to a nitrogen burst tank. Films were developed four minutes at 

68°F in D-19 developer diluted 1:2 with distilled water. They were 

rinsed two minutes in running water, fixed four minutes in full strength 

rapid fix and returned to a water wash for one minute. Films were 

placed in hypo-clearing agent for two minutes prior to a five minute 

wash in distilled water. A wetting solution (Kodak Photo-flo) was 
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employed to prevent water-spotting of the films. They were dried in a 

forced-draft film dryer and inserted into .314" x 4" Apec glassine film 

preservers for storage. 

For light microscopic studies, 35 mm Panatomic-X filx exposed 

in a Zeiss Photoscope was processed by Kodak Film Service. Ektapan 

films (4" x 5") were utilized in a Zeiss Ultraphot II microscope. They 

were developed eight minutes in DK-50 (diluted 1: 1 with distilled water), 

washed _30 seconds in a water bath and placed four minutes in full 

strength rapid fix. Following 30 minutes in running water, negatives 

were dipped 30 seconds in Photo-flo solution and air dried. The films 

were then placed in 4" x 5" glassine film preservers. 

Light and electron microscopic prints were prepared with a 

Durst SM-45 photographic enlarger and printed on Kodak F-1, F-2, F-3, 

F-4 or F-5 Kodabromide paper. Prints were developed in Dektol (1:2 in 

distilled water), transferred to indicator stop bath (16 mls/liter 

water) for 30 seconds and two consecutive changes of rapid fix (1:1 

with distilled water) for 5-10 minutes each. They were treated five 

minutes with hypo-clearing agent and washed in a Pakolux M-3 print 

washer for 30 minutes. Prints were placed in Pakosol glasser for three 

minute~ and dried on a Pakonomy print drier. 

Organ Culture 

Chick embryos (two and one-half days of incubation) were removed 

from the shell by the filter paper ring method previously described. 

Cross-sectional scissor cuts divided embryos into three portions. The 

first cut was caudal to the heart and the second immediately rostral 



to the terminal somites. The intermediate section (trunk segment) was 

then placed into cold Cf°C) trypsin (1% in HBSS) for 20-^0 minutes. 

Embryos were dissociated and notochords isolated by gentle flushing 

through Pasteur pipettes and dissection with drawn-glass microneedles. 

Trypsin was deactivated with two rinses of 15% fetal bovine serum. 

Isolated notochords were transferred to one of two types of culture 

medium: 

Formulation I 

3.00 mis fetal bovine serum 
0.20 ml penicillin-streptomycin (100 units) 
0.16 ml fungizone (250 jig/ml) 
2.00 mis chick embryo extract 
2.00 mgs ascorbic acid 

Fill to 20 mis with Ham's F-10 culture medium. 

Formulation II 

0.^ ml fetal bovine serum 
1.6 mis bovine serum 

2000.0 units penicillin-streptomycin 
50.0 figs fungizone 
Mt.O mgs NaHGOj 
2.0 mis tryptose phosphate broth 

Fill to 20 mis with Medium 100 culture medium. 

Isolated notochordal tissues were further incubated in 35 mm 

Falcon plastic tissue culture dishes (#31^0) 0 to 72 hours in a COg-

flushed water-jacketed incubator at 37°C (60^ relative humidity). 

Histochemistry and Enzyme 
Digestion Studies 

Notochordal tissues were removed from chick embryos (Hamburger-

Hamilton stage 13-16) by microdissection with or without the aid of 



trypsin. Isolated notochords were cultured 72 hours, some in the 

presence of 0.5 mM beta-aminopropionitirle (BAPN). Cultured or un

cultured notochords were rinsed four times with HBSS and stabilized 

30 minutes in cold (,k°C) Karnovsky's fixative (1965)* Some tissues 

were treated at 37°C with a, 0.1% testicular hyaluronidase (in 0.2 M 

sodium cacodylate buffer, pH 5»5) for one hour, or b, 0.1% collagenase 

(in 0.2 M sodium cacodylate buffer, pH 7.*0 for 30 minutes. 

The ruthenium red (RR) stock solution consisted of 30-50 mg RR 

crushed in a small mortar and mixed with a few drops of distilled 

water. This suspension was transferred to a plastic graduated centri

fuge tube and distilled water was added to achieve a final volume of 

15 mis. The tube was warmed in a 60°C water bath for five minutes 

prior to centrifugation at 1600 G for 10 minutes. The supernatant was 

removed and diluted 1:10 with distilled water to serve as stock RR. 

Cultured and uncultured notochordal tissues were placed in a solution 

of equal volumes of 5% unbuffered OsO^, 0.2 M cacodylate buffer and RR 

stock solution (Luft 1971a, 1971b) for three hours at room temperature. 

Following this post-fixation, tissues were rinsed thoroughly with 0.1V+ 

M cacodylate buffer and prepared for electron microscopy as described 

previously. 

Autoradiography 

Tissue Preparation. In vivo light microscopic autoradiography 

was carried out on embryos removed from the shell and transferred to an 

agar-albumen medium by the method of Spratt (19^7). Twenty-five /iCi/ml 
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of ̂ H-thymidine (see Materials for specific activities) was dripped 

(0.1 ml) onto the area vasculosa opaca of explanted embryos. These 

were further cultured 10 hours at 37°C and sacrificed by irmnersion in 

Karnovsky's (1965) fixative after extensive rinsing with 0.025 M Tris 

buffer at pH 8.0. 

Autoradiography was also carried out on cultured notochordal 

3 3 3 
tissues. H-proline, H-fucose or H-thymidine (25 A1 Ci/ml culture 

medium) was added for either three or six hours or continuously. Cis-

hydroxyproline (40 p.g/ml) was added to some of the ̂ H-proline-

containing cultures. All tissues were further incubated 5 minutes to 

72 hours. 

In order to minimize radioactivity from sources other than in

corporated radioisotopes, the following control procedures were carried 

out: a, pulse labeled cultures were rinsed several times with non

radioactive culture medium prior to further culturing in isotope-free 

medium; b, continuously labeled notochordal cultures were rinsed ex

tensively with non-labeled culture medium or HBSS solution prior to 

aldehyde fixation; c, control (isotope-free) notochordal tissues were 

prepared for autoradiography to determine the contribution of these 

tissues to the observed radioactivity; d, label derived from isotope-

free culture medium and/or substratum was determined by carrying out 

autoradiography of culture medium-conditioned substratum (Falcon plastic). 

Light Microscopy. Glass slides (1" x 3") were washed thoroughly 

with 7X detergent, rinsed with distilled water and soaked overnight in 
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1% HC1 in 95$ ethanol and wrapped in aluminum foil (10 slides/pkg). 

Plastic-embedded notochordal tissue sections (1 fzM) were cut with glass 

knives and placed on the specially cleaned slides described above. Tis

sues were stained with toluidine blue and coated with evaporated carbon 

(Varian V-10 vacuum evaporator). Slides were dipped in total darkness 

in Kodak NTB-2 emulsion melted in a ̂ 1°C water bath. These were ex-

3 3 
posed four days ( H-proline treated tissues) or fourteen days ( H-

•z 
fucose or H-thymidine treated tissues) at 6°C in plastic light-tight 

slide boxes which contained CaSO^ desiccant. Slides were developed in 

Dektol (full strength), rinsed in distilled water, regular fixer and 

distilled water. Van-Lab coverslips (25 mm, #1) were placed over the 

stained sections. They were observed and photographically recorded 

with a Zeiss Ultraphot II or Zeiss Photoscope. 

Electron Microscopy. For electron microscopic autoradiography, 

specially cleaned slides (as described above) were dipped in a solution 

of 2$ parlodion in isoamylacetate. Thin sections of notochordal tissue 

were placed over scribed areas on the slides and stained by immersion 

into a coplin jar of uranyl acetate (2.5$ in 50$ ethanol). Slides were 

rinsed in cold Cf°C) 50$ ethanol (five changes, two minutes each), 

dried and coated with a heavy layer of evaporated carbon (Varian V-10 

vacuum evaporator). In total darkness at kO°C, Ilford L-'f emulsion was 

diluted approximately 1:5 with distilled water. Emulsion thickness was 

determined by a purple or green interference color over the scribed 

area. Slides were then dipped in emulsion, dried overnight, placed in 

a plastic light-tight box (CaSO^ desiccant was present) and stored four 
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to 12 weeks at 6°C. Sections were developed at l5°C in phenidon 

(Lettre and Paweletz 1966) for one minute and rinsed in distilled water. 

These were fixed five minutes and rinsed again in three five minute 

changes of distilled water. Parlodion film and attached thin sections 

were eased off the slide onto a distilled water surface. Ted Pella 

200 mesh copper grids were placed shiny side down over the tissue sec

tions on the parlodion film. vlhatman #31, rapid, low ash filter paper 

was used to pick up the sections which were sandwiched between grids 

and parlodion film. After partial drying,the grids, sections and par

lodion film were detached from the filter paper and submerged in isoamyl 

acetate for 3-4 minutes to reduce the film thickness to a light gold 

interference color. 

Liquid Scintillation 

Isolated notochords were cultured on a Falcon plastic sub

stratum in the formulation II culture medium described previously, to 

which tritiated fucose or 3H-proline (25 ~Ci/ml culture medium) was 

added. This medium was used because it did not contain chick embryo 

extract which tended to obscure individual cells during hemocytometric 

cell counting (described later). Approximately one half of the cul- . 

tures contained 0.5 mM BAPN. Following 72 hours of culture labeled 

medium was removed and placed in small marked glass vials. Notochordal 

tissues were rinsed carefully four times with HBSS at room temperature 

to ensure removal of unincorporated radioactivity. These rinses were 

retained in individual glass vials. The fourth rinse was equivalent 

to background when counted by liquid scintillation. This indicated 
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that free tritiated material was removed from the tissues. Tissues 

were trypsinized (1% in HBSS) for one hour. During this period noto-

chordal tissues were scraped free from the plastic substrata with a 

rubber policeman and aspirated several times with a Pasteur pipette. 

This trearment aided dissociation of the notochordal growth area into 

individual cells which were counted with an hemocytometer. When the 

majority of notochordal cell clumps were dispersed, one ml of 15% fetal 

bovine serum was added to inactivate the trypsin. The cellular suspen

sion was transferred to small conical centrifuge tubes and spun at 950 

rpm for 5 minutes. The inactivated trypsin supernatant was removed and 

placed in its own glass vial. Cells were resuspended for 30 minutes in 

0.5 ml of 0.05& collagenase in 0.2 M cacodylate buffer (pH 7*'0 to 

digest collagenous ECM and to separate completely notochordal cells. 

Following centrifugation of the cellular suspension, the collagenous 

supernatant was removed from the centrifuge tubes and added to the in

activated trypsin-supernatant collected previously. Notochordal cells 

were resuspended in a total volume of 0.1 ml fetal bovine serum (15&). 

The cells in 20 fi 1 of this suspension were counted with a hemocyto

meter. 

Liquid scintillation vials were filled with 17 mis of cocktail 

(one liter of Triton X-100 to two liters of 22.8 g Omnifluor in 3.8 

liters of toluene) and three mis of distilled water. All vials were 

precounted with a Beckman 330 liquid scintillation counter and vials 

with high (>80 cpm) backgrounds were discarded. The following solu

tions were added to the remaining vials: a, 20 fil of culture medium 



which was removed from the 72 hour radioactive culture; b, 100 \i1 of 

the supernatant which was collagenase- and trypsin-sensitive and, 

therefore, may be considered to be extracellular material; c, 20 fil of 

dispersed notochordal cells suspended in 0.1 ml of fetal bovine 

serum. Standards were prepared by combining 100 j/1 HBSS or 20 fil cul

ture medium with a known quantity of ̂ H-toluene. All vials were 

counted, the percent efficiency of the system established and all final 

counts presented as DPM's corrected for quenching. 

An effort was made to determine the amount of incorporated 

radioactive material originally associated with notochords but lost 

when the culture medium was removed. Five hundred (il of the culture 

medium were placed in individual dialysis bags and dialyzed against 

three changes (6, 30 and 5^ hours) of 0.05 M Tris buffer (pH 7«3) at 

6°C. One hundred fil of each of the dialyzates were counted and appro

priate corrections made for quenching. 



RESULTS 

At approximately 60 hows of incubation (Hamburger-Hamilton 

stage 17) chick embryos exhibit well developed neural tubes and noto-

chords. These structures form the embryonic axis and are associated 

closely with each other throughout their lengths. The notochord is a 

rod-shaped organ which, in cross section, appears circular (Fig. 1). 

At this stage it is flanked by secondary mesenchymal cells which mi

grate centrally from the somitic sclerotomes. Surface ectoderm is 

associated closely with fibroblastic cells from the dermatomes. To

gether, these tissues comprise embryonic skin. Myotomal cells are not 

disaggregated at this time. Mesonephric tubules and ducts, dorsal 

aortae and other vascular structures and mesothelial linings of the 

embryonic coelom differentiate from the mesodermal germ layer. The 

developing alimentary tract is lined with endoderm. 

Morphology of the In Vivo Notochord Sheath 

Light and Electron Microscopy 

At the level of light microscopy, stage 17 embryos show noto-

chords with remarkably regular surfaces (Fig. 2). Numerous vacuoles, 

shown to be intracellular by electron microscopy (Jurand 1962; Carlson 

1973a) are scattered throughout the tissues. The perinotochordal space 

is free of sclerotomal mesenchymal cells which enter this area about 

the beginning of the fifth incubation day (stage 2*0. Extracellular 
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Figure 1. Light micrograph of cross-section through a stage 17 
chick embryo.—The notochord (N) is located ventral to 
the developing neural tube (NT) and dorsal to the paired 
aortae (A). At this stage, somites (S) have begun to 
disperse, but the perinotochordal space is acellular. 
ect, surface ectoderm; M, mesonephric duct. Toluidine 
blue. X130. 

Figure 2. Light micrograph of cylindrical notochord (N) suspended 
in connective tissue space (TSP) of stage 17 chick 
embryo.—Numerous intracellular vacuoles (*) are present 
and dark staining nucleoli (arrow) are prominent. 
Mesenchymal cells (C) from sclerotome are not associ
ated closely with the notochordal surface. NT, neural 
tube. Toluidine blue. X550» 

Figure 3. Light micrograph of cross-section through stage l'f chick 
notochord isolated by microdissection without the use 
of trypsin and treated with ruthenium red.--The noto
chord sheath (arrows) is visible following this pro
cedure. The notochord (N) retains its cylindrical 
shape. Contaminating mesenchymal debris (*) is not 
removed by this process. Toluidine blue. X875» 
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Figures 1-3 of chick embryo notochord. 



components of the notochord sheath do not stain with typical light 

microscopic methods. 

Low power electron microscopy of notochordal cross-sections 

similar to that seen in Figure 3, show that this tissue is composed of 

contiguous cells surrounded by a continuous basal lamina (Fig. b). 

Notochordal cells are highly differentiated and exhibit well-developed 

rough endoplasmic reticulum, numerous round to oblong mitochondria, 

polyribosomes, membrane-bound dense bodies and various secretory vesi

cles. Although not visible with usual light microscopic stains (Fig. 2) 

a heavy tangle of extracellular connective tissue fibrils which sur

rounds the notochord is observed at the level of fine structure. These 

materials form the notochord sheath. 

At higher magnification the sheath is composed of randomly 

oriented 100-3008 microfibrils, flaky amorphous materials and a con

tinuous basal lamina associated closely with the notochordal surface. 

This basal lamina is comprised of a granular lamina densa from which 

numerous fine fibrils project toward the notochordal cell membrane or 

into the connective tissue space (Fig. 5)« These projections extend 

through the electron lucent areas (laminae rara) which are usually 

associated with well-developed basal laminae. Although not easily 

demonstrated in chick embryos, a lumen is observable by electron micro

scopy in the notochordal center. Moreover, intercellular junctions 

are frequently present and hence the notochord justifiably may be 

called epithelial. 



Figure b. Electron micrograph of surface of notochordal tissue 
similar to that seen in Figure 2.—Basal lamina (BL), 
100S to 3008 microfibrils (arrows) and flaky amorphous 
material, which comprise the in vivo notochord sheath, 
are present in the extracellular space (ECS). Nucleus 
(nuc), numerous mitochondria (m) and dilated rough endo
plasmic reticulum (r) are visible. X17»500« 

Figure 5. Higher magnification of surface of notochordal cell 
similar to that seen in Figure ^.--The continuous basal 
lamina (BL) exhibits a fibrillar constituent projecting 
into the electron lucent space (*) immediately sub
jacent to the lamina densa. Numerous microfibrils 
(1008 - 300S) ( arrows) are visualized in various planes 
of section in the extracellular space (ECS), ra, mito
chondrion. X52,800. 

Figure 6. Low power electron micrograph of surface of stage l*f 
notochordal cell similar to that seen in Figure 3«—All 
components of the notochord sheath (basal lamina, 
microfibrils and amorphous materials) and plasmalemmae 
(arrows) display ruthenium red positivity. m, mito
chondrion; nuc, nucleus; ECS, extracellular space. 
X17, 500. 

Figure 7. Higher magnification of notochordal cell surface simi
lar to that shown in Figure 6.— Ruthenium red-positive 
globular material (arrow) is associated with fibrillar 
projections from the lamina densa described in Figure 5. 
Microfibrils and amorphous materials demonstrate an 
affinity for the ruthenium red stain. BL, basal lamina. 
X50,000. 

Figure 8. Electron micrograph of large (250 - 300X) microfibril 
following exposure to ruthenium red to show that this 
treatment enhances visualizable striations (arrows) in 
the in vivo notochord sheath.—X82,500. 
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Fi~es 4-8. EM of d~veloping notochord sheath. 
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Histochemical Analysis 

When notochords are removed from the embryos by microdissection 

and treated with RE, a halo of extracellular materials are seen sur

rounding the notochords (Fig. 3)• This electron dense stain is spe

cific for GAG's and phospholipid (Luft 1971a, 1971b). The RR-

positivity suggests that embryonic extracellular matrices are rich in 

protein polysaccharides. 

Since RR does not penetrate tissues very well, it is necessary 

to dissect notochords from embryos prior to treatment (Fig. 3)• When 

these notochordal tissues are observed at the electron microscopic 

level, cellular organelles exhibit a normal range of variation. Plasma-

lemmae and extracellular components of the notochord sheath, however, 

are highly RR-positive. Therefore, this stain is not random, but 

demonstrates an affinity for cell membranes and ultrastructurally iden

tifiable components of the notochordal ECM. 

At higher magnifications (Fig. 7) RR particles are seen associ

ated specifically with small and large microfibrils. Filamentous 

material, not seen in untreated controls (see Fig. 5)» extends between 

microfibrils. Surprisingly, notochordal basal lamina is also RR-

positive. The lamina densa and its fine fibrillar projections stain 

heavily with RR (Fig. 7)» It seems significant that notochordal micro

fibrils treated with RR exhibit frequently cross-banding patterns (Fig. 

8). This substructure is not demonstrated by normal electron dense 

stains (see Fig. 5)» 



Morphology of Isolated Mesenchyme-
Free Notochords 
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Light and Electron Microscopy 

Some notochords were isolated by treatment with 1% trypsin and 

continuous aspiration with a Pasteur pipette (Fig. 9)• The resultant 

isolate was similar morphologically to in vivo control notochords. 

Intracellular vacuoles and dilated interstices are present in tryp-

sinized tissues and prominent cytoplasmic blebs are found often at the 

radial cell surface of these cylindrical notochords (Fig. 10). This 

blebbing phenomenon is characteristic of epithelia from which basal 

laminae have been removed (Cohen and Hay 1971; Hay and Dodson 1973)• 

Typically few mitochondria, or profiles of rough endoplasmic reticulum 

are demonstrated within the cytoplasm of these cellular projections. 

Numerous polyribosomes are scattered throughout a homogeneous back

ground of medium electron density within the blebs. Multi-dimensional 

nuclei demonstrate dense areas of heterochromatin interspersed among 

paler areas of euchromatic material. The nuclear envelope consists of 

outer and inner membranes which are fused at nuclear pores. Mitochon

dria demonstrate trilaminar membranes with an intermembranous space 

(ca. 8oS). The inner mitochondrial membrane is folded into cristae 

which extend from the side wall of the mitochondrion toward its center. 

Occasionally mitochondria contain irregular dense intramitochondrial 

granules (ca. 500X) in their matrix. Membranous lamellae, dilated 

membrane-bound vacuoles and small vesicles, the three main components 

of Golgi zones are seen frequently in cytoplasm of isolated notochords. 



Figure 9. Light micrograph of cross section through stage Ik 
notochord (N) isolated by trypsinization and microdis
section.—Numerous cytoplasmic projections are seen at 
the notochord surface. It is known that the removal 
of basal lamina from embryonic epithelia often results 
in the formation of cytoplasmic blebs at cell surfaces. 
Nucleoli (arrows) are readily distinguished. 
Toluidine blue. XI,235• 

Figure 10. Electron micrograph of surface of notochordal cell 
similar to that seen in Figure 9»—Trypsinization does 
not alter the morphological integrity of organelles. 
Note the complete absence of extracellular materials 
from cellular surfaces in these preparations. ECS, 
extracellular space; nuc, nucleus; m, mitochondrion. 
X19.500. 

Figure 11. High power electron micrograph of notochordal tissue 
isolated by methods described in Figure 9.—-Trypsini
zation removes extracellular material (basal lamina, 
microfibrils, amorphous materials) from the cell sur
face and plasmalemmae infrequently exhibit triple 
layered substructure. ECS, extracellular space. 
X82.500. 

Figure 12. High power electron micrograph of surface of tryp-
sinized notochord following exposure to ruthenium red.-
The notochordal plasmalemmae display a ruthenium red-
positivity. ECS, extracellular space. X82,500. 

Figure 13- Higher magnification of cell surface similar to that 
shown in Figure 12.—Visualization of the trilaminar 
membrane is enhanced by ruthenium red treatment 
(arrows). X225,000. 
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Figures 9~13. Surface of isolated notocho. • 



55 

Perhaps the most striking characteristic of trypsinized noto-

chords is the complete absence of surface-associated extracellular 

materials. This treatment, therefore, removes all morphologically 

demonstrable constituents of the notochord sheath-basal lamina, micro

fibrils and amorphous materials. Higher magnifications (Fig. 11) show 

that the surface coat immediately external to the notochord plasma-

lemma is also partially digested. The cellular membrane appears fuzzy, 

indistinct and its trilaminar substructure is difficult to resolve. 

Histochemical Analysis 

When isolated, denuded notochords sire exposed to ruthenium red, 

the two dense layers of plasmalemmae are separated by a pale interspace 

(Fig. 12), thereby demonstrating the typical triple layered structure 

of cell membranes. While both membrane layers are ER-positive, the 

outer layer stains more heavily than the inner (Fig. 15). Ruthenium 

red-positive extracellular substances are not associated with surfaces 

of trypsinized notochords. 

Ultrastructure of Notochordal 
Fibrillogenesis In Vitro 

Isolated notochords cultured 12 hours on a Falcon plastic sub

stratum (Fig. I1*) maintain their cylindrical shape although peripheral 

cells begin to migrate away from the central cellular core. At this 

time, the basal wcindering cells adhere to the plastic culture dish. 

The notochord and associated cultured notochordal cells contain promi

nent nucleoli and spherical intracellular vacuoles. Fibrillogenesis 

does not occur at the surface of the cultured notochord, but in the 



cellular interstices (Fig. 15)• Electron microscopy of notochordal 

tissue cultured 12 hours shows wispy scanty basal laminae adjacent to 

cell surfaces. Dark-staining precipitate from the chick embryo extract 

is observed also. Numerous cellular organelles imply secretory activ

ity. Polyribosomes are scattered throughout the cytoplasm. Fixed 

ribosomes on the outer surface of dilated rough endoplasmic reticulum 

indicate a capacity for protein synthesis. Mitochondria and other 

organelles are within the range of normal variation. 

Following 2k hours of in vitro incubation (Fig. 16) notochords 

begin to lose their rod-shaped structures. Cytoplasmic blebs are 

present still at the surface of the epithelial tissue and a central 

core of cells remains closely aggregated within the notochordal growth 

area. Cells in direct contact with the plastic substratum appear 

flattened and stellate as they migrate in an outward direction. Intra

cellular vacuoles and dilated intercellular spaces are scattered 

throughout the tissue. Nuclei display a rim of dense material which 

lines inner membranes of nuclear envelopes (Fig. 1?). Intercellular 

spaces of these notochordal tissues show an increased deposition of 

basal lamina material associated closely with cell membranes. Small 

spindle-like microfibrils (1002 diameter) are seen occasionally in 

intracellular spaces. Flocculent amorphous materials are embedded in 

electron lucent ground substances between scattered microfibrils. 

Notochordal tissues cultured in vitro for 36 hours (Fig. 18) 

lose their cylindrical shapes and retract into cellular mounds. The 

cells at the periphery flatten and migrate away from the center of the 



Figure lA. Light micrograph of cross section of notochord cultured 
for 12 hours on Falcon plastic substratum.—Peripheral 
cells begin to migrate away from the central cell clus
ter. Toluidine blue. X350-

Figure 15. Electron micrograph of notochordal cell surface follow
ing 12 hours incubation.—Cellular organelles appear 
active as exemplified by the dilated rough endoplasmic 
reticulum (r). Sparse basal lamina cam be visualized 
adjacent to the surface of the notochord (arrow). 
Dark staining precipitate in the extracellular space 
(ECS) represents proteinaceous material contained in 
the culture medium, m, mitochondrion. X26,600. 

Figure 16. Light micrograph of cross section of notochordal tis
sue incubated 2k hours.—The notochord loses its 
cylindrical shape and adheres to the substratum. 
Intracellular vacuoles are present (arrow). Toluidine 
blue. X800. 

Figure 17 • Electron micrograph of intercellular space of notochord 
similar to that seen in Figure 16.—An increased depo
sition of basal laminar material (BL) is seen adjacent 
to the cell surface. Small (100A) microfibrils 
(arrows) and amorphous materials appear in the extra
cellular space (ECS), nuc, nucleus. X22,500. 

Figure 18. Light micrograph of notochord cultured for 36 hours on 
plastic substratum.--The tissue appears as a nodular 
growth area approximately 0.5 - 1.0 mm in diameter. 
Toluidine blue. X580. 

Figure 19. Electron micrograph of notochordal intercellular space 
incubated 36 hours.—Microfibrils (arrows) are aligned 
parallel to the surface of notochordal cells. ECS, 
intracellular space. X30,000. 
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Figures 14-19. IJ.i and EM of cultured notoehord8 



cell cluster. Nucleoli are prominent and at the light microscopic 

level, cytoplasm stains heavily with toluidine blue. At this time 

there is an increased accumulation of ECM in cellular interstices as 

compared with notochordal tissues cultured for shorter incubation 

periods (Fig. 19)• Microfibrils increase in diameter (200S) and are 

oriented frequently parallel to surfaces of notochordal cells. These 

microfibrils may be associated closely with or embedded in basal lamina 

materials. 

Following 48 hours of in vitro incubation, the nodular noto

chordal growth area is approximately 0.5 - 1.0 mm in diameter (Fig. 20). 

Peripheral cells form a monolayer as the perimeter of the notochordal 

cell cluster migrates radially in the plastic culture dish. Electron 

microscopic observations of intercellular spaces show continuous basal 

lamina material adjacent to notochordal cells (Fig. 21). The lamina 

densa lacks an organized fine structure and is separated from the 

plasmalemma by a clear zone often referred to as the lamina rara in

terna. Randomly arranged small (I00X) and large (25oS) microfibrils 

are seen both in longitudinal and cross section. Some of the larger 

microfibrils show faint irregular striations (Fig. 22) and are inter

spersed with diffuse amorphous materials and interstitial bodies. In 

addition, clumps of electron dense substances are surrounded partially 

by membranes. These structures resemble interstitial granules seen in 

vivo. Each component of the ECM produced by isolated notochords cul

tured hours in vitro is ultrastructurally indistinguishable from 

its in vivo counterpart within the notochordal sheath. The 72 hour 



Figure 20. Light micrograph of notochord (N) cultured 48 hours in 
vitro.—The cellular growth area becomes flattened and 
the peripheral cells migrate centrifugally to form a 
monolayer. Toluidine blue. X215. 

Figure 21. Electron micrograph of surface of notochordal cell 
following 48 hours incubation.—Basal lamina (BL), 
microfibrils and scattered amorphous material, in
cluding interstitial bodies (IB), are localized in the 
extracellular space (ECS). Large 200S microfibrils 
(arrows) show faint cross-banding patterns. The par
tially membrane-bound dense body (IG) resembles an 
interstitial granule. These surface-associated mate
rials are ultrastructurally indistinguishable from 
their in vivo counterparts. X57,400. 

Figure 22. Higher magnification of microfibrils found in extra
cellular space of notochordal tissue cultured 48 hours. 
Larger microfibrils (25oS) frequently exhibit faint 
irregular striations of approximately 45o8 (arrows). 
X91,000. 
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Figures 20-22. Notochord cultured 48 hourse 
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notochordal cultures display similar characteristics. An increased 

quantity of ECM is present, however, in tissues incubated for this 

longer period of time. Therefore, ultrastructural ' analysis of the ECM 

was carried out on 72 hour notochords to ensure utilization of the 

greatest concentration of extracellular notochordal products available. 

Ultrastructural Analysis of 72 Hour 
Notochordal ECM 

Notochords incubated 72 hours in vitro appear as flattened, 

circular nodules of cells. In cross section, the distinctive nucleoli 

stain heavily with toluidine blue (Fig. 23). At this time, notochordal 

cells are stellate and those located basally adhere to the substratum. 

The number of intracellular spaces is increased as compared to nota-

chords incubated for shorter periods. Many cells are found free in 

this "tissue space" and the products of their in vitro fibrillogenic 

activity are localized also to this area (Figs. 23, 27). Intercellular 

connections are maintained by means of macula adherens or desmosomes 

(Fig. 27). These are discrete plaques or "buttons" on surfaces where 

cellular contact occurs. Fibrils associated with the cytoskeleton are 

attached to the cytoplasmic aspect of the desmosome. These fibrils 

probably form a framework within notochordal cells which aid mainten-

ance of their shape and rigidity. Notochordal cells appear morpholo-

gically intact and actively secretory. The dilated membrane-bound 

cisternae of rough endoplasmic reticulum are filled with homogeneous 

electron dense materials and are sites of attachment for numerous ribo-

somes. Mitochondria and polyribosomes are within the ranges of normal 



Figure 23. Light micrograph of notochord (N) incubated 72 hours.— 
Cellular mound is flattened as the cells migrate in 
an outward direction. Large intercellular spaces are 
present. Fibrillogenic activity is observed in cel
lular interstices, while the growth nodule surface 
(arrows) remains free of extracellular materials. 
Toluidine blue. X398. 

Figure 2k, Electron micrograph of surface of notochordal growth 
nodule after 72 hours in vitro incubation (see arrows 
in Fig. 23).—Fibrillogenic activity does not occur 
in this location. Plasmaleramae are associated with an 
amorphous surface coat (small arrows) similar to those 
seen in unincubated tissues (see Fig. 11). X82,500. 

Figure 25. Electron micrograph of surface of 72 hour notochordal 
cell cluster following exposure to ruthenium red.—Cel
lular plasmalemmae and surface coats are ruthenium red 
positive. This treatment emphasizes the trilaminar 
substructure of cell membranes. X82,500. 

Figure 26. Electron micrograph of notochordal growth area surface 
following 72 hours incubation.—The tissue was exposed 
to testicular hyaluronidase, an enzyme specific for 
chondroitin, hyaluronate, and chondroitin sulfate, 
prior to treatment with ruthenium red. The ruthenium 
red positive surface coat material is removed, but the 
plasmalemmae maintain their stainability. X82,500. 

Figure 27. Electron micrograph of intercellular space of noto
chordal tissues incubated 72 hours, similar to that 
shown in rectangle in Figure 23.--Numerous polyribo
somes and rough endoplasmic reticulum (r) suggest sec
retory activity. Electron dense basal lamina (BL) is 
seen associated with the notochord cell surfaces. A 
tangle of intertwined microfibrils are located in the 
extracellular space (ECS), v, vacuoles. Xl6,300. 
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F.~ es 23-2?. otoc or c tured 72 ho s. 



variation. Large intracellular vacuoles which appear empty are en

countered frequently. Typically these cultured epithelia demonstrate 

numerous bundles of cytoplasmic filaments scattered throughout their 

cytoplasm. 

Surface of Cultured Notochordal Cells 

Electron Microscopy. As mentioned previously, cell surfaces 

of the notochordal growth area, which are exposed directly to the cul

ture medium, do not display fibrillogenic activity (Figs. 24-26). A 

crisp trilaminar morphology of these notochordal cell membranes is 

difficult to demonstrate. Occasionally,'however, microfilaments are 

seen immediately internal to the indistinct plasmalemmae. A surface-

associated cellular coat also can be exhibited (Fig. 2*0. It appears 

as wispy, finely filamentous materials in juxtaposition to cellular 

membranes. 

Histochemical Analysis. The trilaminar pattern of notochordal 

cell membranes is eludicated clearly following exposure to RR (Fig. 25). 

In these tissues two dense components of the membrane are separated by 

an intermediate electron lucent space. Some of the surface-associated 

substances described previously in control tissues (Fig. 2k) display 

RR-positivity. The finely fibrillar constituent of these materials is 

enhanced by this histochemical procedure. When notochordal cells are 

exposed to testicular hyaluronidase prior to treatment with ruthenium 

red, the RR-positive flaky material adjacent to plasmalemmae is lost. 

This enzyme specifically digests hyaluronate, chondroitin and 
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chondroitin sulfate (Toole et al. 1972). The "railroad-track" pattern 

of the cell membranes, however, is preserved following enzyme treatment. 

Intercellular Spaces of Cultured 
Notochordal Cells 

Electron Microscopy. Following 72 hours of in vitro incubation, 

spaces between cultured notochordal cells demonstrate a composite of 

extracellular substances (Fig. 28). An amorphous component of the ECM 

is intermingled between microfibrils of various sizes. Microfibrillar 

diameters* range from ca. 120 - 600X and the average is approximately 

2858 (Table 2). Some of the larger fibrils demonstrate collagenous 

characteristics with the appearance of faint irregular striations. 

Enzyme Digestion Studies. To ascertain the extent and nature 

of the collagenous component of extracellular materials, notochords 

were treated with highly purified collagenase, an enzyme which speci

fically cleaves tropocollagen molecules between glycine residues (Fig. 

29). In these cultures a marked reduction of amorphous materials and 

microfibrils is observed within the extracellular spaces of the noto

chordal growth area. Microfibrils appear longer and thinner than con

trols and their lengths are not obscured by overlying amorphous 

materials. Their diameters range from ca. 120 - 3508 and an overall 

decrease in the average microfibrillar diameter (197$) is seen when 

"Although microfibrils are defined usually as unbanded 100-
3008 fibrils, the term is applied loosely here to include all unbanded 
extracellular fibrils regardless of their diameters. 



Figure 28. Higher magnification of control notochordal micro
fibrils and associated substances in the extracellular 
space (ECS) following 72 hours incubation in vitro.— 
Microfibrils average 285a in diameter and are embedded 
in a matrix of amorphous materials of medium electron 
density. X70,300. 

Figure 29. Electron micrograph of notochordal extracellular 
matrix following exposure to 0.1% collagenase.---The 
average microfibrillar diameter is decreased by 31& 
and borders of microfibrils are more distinct than un
treated controls. There is a concomittant reduction 
in background amorphous material which may contribute 
to the sharply demarcated surfaces of the fibrils. 
This indicates the presence of a collagenous moiety 
associated with both the fibrillar and amorphous com
ponents of the matrix. ECS, extracellular space. 
X70,300. 

Figure 30. Electron micrograph of 72 hour notochord microfibrillar 
material following exposure to 0.13s testicular hyalur-
onidase.--Microfibrillar diameters decrease by 3*$ 
following treatment and hyaluronidase-sensite material 
is removed. This implies that microfibrils are com
posed partially of glycosarainoglycans. ECS, extra
cellular space. X70,300. 

Figure 31» Electron micrograph of fibrillar component of extra
cellular matrix similar to that seen in Figure 30.— 
Following hyaluronidase treatment, large 300-^008 
microfibrils occasionally are seen. These often ex
hibit a cross banding pattern with approximately 23oS 
periods (arrows) shown at higher magnification in the 
inset. X52,600. Inset, X89v500. 
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Table 2. Diameters of microfibrils in 72 hour notochordal ECM. 

Mean Value of 
Diameter of 25 

Treatment . Largest Microfibrils (8) 

Control 285.36 
+ 
9.36a 405.72 il8.if2a 

Q 
Collagenase 197.19b 

+_ 
4.8^ 253.^8b i 6.60 

Hyaluronidase*^ l89.08b 
+_ 
4.71 246.68b - 5.91 

BAPN® 227.̂ 8b 
+_ 
6.29 310.o4b 1 6.33 

£ 
Cis-hydroxyproline 203.77b 

+ 
4.99 267.52b i 4.56 

Represents standard error. 

bP < 0.01 

Stabilized tissues treated 30 minutes with 0.1& highly purified 
collagenase. 

Stabilized tissues treated 1 hour vdth 0.1% testicular hyaluronidase. 

eTissues incubated 72 hours in the presence of 0.5 mM BAPN. 
f 
Tissues incubated 72 hours in the presence of cis-hydroxyproline 
(.kO /ig/ml). 

For mean value of each treatment, n = 100. 
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compared to controls (Table 2). These experimental microfibrils ex

hibit crisply defined edges. This collagenase digestion study indicates 

that the ECM produced by notochordal epithelial cells in vitro may be 

composed, at least partially, of collagen. 

In order to identify GAG components of the ECM, notochords were 

exposed to testicular hyaluronidase (Fig. 30)• These tissues show a 

reduction of amorphous materials. Although large numbers of micro

fibrils are present, their average microfibrillar diameter is decreased 

to approximately 19oX (Table 2). Fibrillar form is sharpened following 

this treatment. Moreover, large bundles of collagen fibrils with a 

periodicity of approximately 230X are found occasionally intermingled 

with unbanded microfibrils (Fig. 31)« The diameters of these collagen 

fibrils range from 4(30 - 4502 (Fig. 32). It is possible that hyaluron

idase treatment removes extracellular materials which hide or "mask" 

underlying striated fibrils. 

The decrease in average microfibrillar diameters following 

collagenase or hyaluronidase treatment is statistically significant to 

the 99$ confidence level (Table 2). Differences between the mean 

values of collagenase- and hyaluronidase-treated cultures, however, 

are not significant. It is interesting that exposure of these micro

fibrils to either collagenase or hyaluronidase results in changes which 

are manifested morphologically by a reduction in fibrillar diameter. 

Presumably both the collagenase- and hyaluronidase-sensitive materials 

are located on the periphery of the fibril while the internal fibrillar 

core is relatively enzyme-refractory. 
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Solid bar = mean value of microfibrillar diamete (n=lOO). 
Stripe bar = ue di ter of largest microfibrils 
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BAPN = Beta-ami opropioni t "le 
cis-hy = ci -hydroxyp oline. 



Average diameters of the 25 largest microfibrils are calcu

lated in order to determine possible selectivity of each enzyme for a 

particular microfibrillar size. The 25 largest microfibrils in col-

lagenase (ca. 25oS) and hyaluronidase (ca. 2^58) treated cultures show 

a reduction which is significant to 999» confidence level (Table 2). 

Histochemical Analysis. In an attempt to elucidate further the 

nature of ultrastructurally recognizable materials in intercellular 

spaces of the 72 hour notochord, a combination of histochemical and 

enzyme-digestion studies were carried out. To serve as controls, noto-

chords were cultured 72 hours and prepared conventionally for trans

mission electron microscopy (Figs. 33» 3*0 • A continuous basal lamina, 

microfibrils and flocculent materials was present in the intercellular 

spaces (see Figs. 27» 28). At high magnifications (Fig. 3*0 micro

fibrils lacked crisp borders and cross-banding patterns. 

Notochordal tissues demonstrate RR-positivity associated with 

randomly distributed microfibrils and amorphous material within the 

notochordal ECM. Furthermore, many of the larger (>25oX) microfibrils 

exhibit distinct striations (Fig. 35) while the cross-banding patterns 

seen in smaller microfibrils are often multifarious and irregular. 

Occasionally, however, large striated collagen fibrils which demonstrate 

a 6^08 periodicity are encountered (Fig. 36). In both cross and longi

tudinal sections, RR-positive globules are seen associated closely with 

these large fibrils. It is possible that these small RR-positive 

deposits indicate the presence of GAG's which are associated with 

developing unit collagenous fibrils. Therefore, RR may emphasize 



Figure 33. Electron micrograph of surface of control notochordal 
cell following 72 hours incubation.—Basal laminar 
(BL) and amorphous materials are indistinct and fuzzy. 
ECS, extracellular space. X^9,500. 

Figure 3^» Higher magnification of extracellular material similar 
to that seen in Figure 33•—Microfibrillar cross band
ing patterns Eire not distinguishable in these prepara
tions. X82,500. 

Figure 35« Electron micrograph of 72 hour extracellular matrix 
following ruthenium red treatment.—Microfibrils and 
amorphous material demonstrate ruthenium red-
positivity. This electron dense stain enhances the 
irregular banding patterns (ca. 100A) in some of the 
larger microfibrils (see inset, arrows). X^9,500. 
Inset, X82,500. 

Figure 36. Notochordal extracellular matrix cultured 72 hours 
prior to exposure to ruthenium red.—Cross sections 
(c) and longitudinal sections through large striated 
collagen fibrils (6^8 periodicity, see arrows) are 
observed frequently following this treatment. ECS, 
extracellular space. X82,500. 

Figure 37# Notochordal fibrillar material incubated 72 hours and 
exposed to hyaluronidase prior to treatment with 
ruthenium red.—There is a reduction of ruthenium red-
positive substances (compare with Fig. 36) following 
the enzyme treatment. Cross banded microfibrils are 
not observed. ECS, extracellular space. X^9,500. 
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microfibrillar striations both in the in vivo notochord sheath (Fig. 8) 

and in ECM produced by the notochord in vitro (Fig. 35). Some 72 hour 

cultures are exposed to testicular hyaluronidase prior to RR treatment. 

Loss of RR-positive substances is noted following exposure to this 

enzyme (Fig. 37) • Amorphous materials and microfibrils seen in control 

and RR-treated tissues are diminished. The most salient feature 

observed in these cultures, however, is the reduction in numbers of 

cross-banded fibrils compared to tissues exposed only to RR (Figs. 35, 

36). 

Autoradiographic Studies of Cultured 
Notochordal Cells 

Tritiated Thymidine 

In order to ascertain some metabolic parameters of notochordal 

cells cultured in vitro, autoradiographic studies were carried out. 

Chick embryo explants were cultured 10 hours on agar-albumin in the 

presence of tritiated thymidine. This labeled pyrimidine is incorpor

ated into newly replicated DNA and is a valuable marker for prolifer

ating cells. Cross-sections through stage 16 developing chick embryos 

show that at this time cell division occurs in all developing embryonic 

tissues (Fig. 38a). The neural tube and ventrally located notochord 

show heavily labeled nuclei. Lateral to these central axis structures, 

many somitic cells likewise display silver grains over their nuclei. 

Cell renewal also occurs in endothelial cells of the paired dorsal 

aortae and in endodermal cells which line the developing gut. Indeed, 



Figure 38. LMAR of ^H-thymidine-treated notochord. 

A Light microscopic autoradiograph of cross section through a 
Hamburger-Hamilton stage 13 chick embryo explanted on agar 
albumin for 10 hours in the presence of ̂ H-thymidine. Heavy 
label over the notochord indicates DNA synthesis. N, notochord; 
NT, neural tube; TSP, tissue space; S, somite. Toluidine blue. 
XI,000. 

B Light microscopic autoradiograph of isolated notochord cultured 
72 hours in the presence of 3H-thymidine. Cellular growth area 
flattens peripherally and silver grains over the nucleus may 
indicate that cellular proliferation occurs in these cultures. 
N, notochord. Toluidine blue. XI,000. 
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it is diffictilt to find embryonic tissues which are not actively under

going cell renewal. 

Isolated notochords were cultured in ̂ H-thyraidine to determine 

their capacity for proliferation in vitro. Light microscopic auto

radiography of cross-sections through these tissues show heavy concen

trations of silver grains over some nuclei within the notochord growth 

area (Fig. 38B). 

Tritiated Proline 

In an effort to determine some possible collagenic properties 

of notochordal cells, isolates were cultured in ^H-proline. Following 

a five minute incubation period light microscopic autoradiography shows 

that silver grains are approximately 10 times greater than background 

(Fig. 39A). Label is found equally over the central core of cells and 

peripheral blebs which are encountered frequently in these trypsinized 

notochords. Radioactivity associated with nuclei of cultured noto

chordal cells is not unexpected since other investigators report an 

•3 
uptake of H-proline material into nuclear proteins in various embryonic 

epithelia (Cohen and Hay 1971)• 

Light microscopic autoradiography of notochords cultured 30 

minutes in ̂ H-proline demonstrates increased label (Fig. 39B). Indi

vidual notochordal cells exhibit a disparity in amounts of label, which 

may indicate that some cells incorporate this precursor more rapidly 

than others within the same notochord. 

Notochords cultured one hour in the presence of ^H-proline show 

label over the cytoplasm, nuclei and cytoplasmic blebs (Fig. 39C). 



Figure 39 • LMAR of notochord cultured in ^H-proline 5 minutes-2if 
hours. 

A Light microscopic autoradiograph of cross section through noto-
chordal tissue incubated five minutes in ̂ H-proline. There is 
an approximate 10-fold increase of label over background. 
Toluidine blue. XI,000. 

B Light microscopic autoradiograph of notochord cultured J>0 min
utes in tritiated proline, a semi-specific precursor for colla
gen. Cellular and extracellular silver grains are present. 
N, notochord. Toluidine blue. XI,000. 

C Light microscopic autoradiograph of notochordal tissue (N) 
treated one hour in ^H-proline. Heavy label appears over 
cells. Toluidine blue. XI,000. 

3 
D Notochordal tissue cultured two hours in H-proline.—Tritium 

label is present over nuclei, cytoplasm and peripheral cellu
lar blebs, v, intracellular vacuole. Toluidine blue. XI,000. 

E Light microscopic autoradiograph of notochord (N) incubated in 
^H-proline four hours. Label is present over intracellular 
vacuoles and cells. Toluidine blue. XI,000. 

F Notochord treated with "^H-proline eight hours. Silver grains 
(arrows) are distributed throughout cellular and extracellular 
spaces. (Toluidine blue. XI,000. 

G Light microscopic autoradiograph of notochord cultured 12 
hours in tritiated proline. There is a heavy general label 
over notochordal tissue, v, vacuoles. Toluidine blue. 
XI,000. 

3 
H Notochordal tissue following 2k hour incubation period in H-

proline. Dense population of silver grains obscures individual 
cells. Toluidine blue. XI,000. 
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Grains are also found between individual notochordal cells. Cellular 

and extracellular radioactivity is approximately 50 times higher than 

background. 

An overall increase in tritium label is present in tissue in-

3 
cubated two hours in H-proline as compared to notochords cultured 

shorter periods of time (Fig. 39D). Numerous spherical intracellular 

vacuoles are devoid of silver grains while the cytoplasm immediately 

adjacent to the vacuoles demonstrate a dense labeling pattern. 

3 
Following four hours incubation in H-proline notochords show 

a general label over entire tissue sections (Fig. 39E). Moreover, an 

increased number of random silver grains appear over intracellular 

vacuoles which were relatively label-free in tissues with shorter incu

bation periods (Fig. 39A, 39B, 39C, 39D). 

Light microscopic autoradiographic studies of notochords incu

bated eight hours demonstrate a heavy general uptake of ""'H-proline by 

notochordal cells (Fig. 39F). Label is found over cytoplasm, nuclei 

and intercellular spaces. Although nucleoli stain heavily with tolui-

dine blue, silver grains are discernible over these prominent struc

tures. 

Following 12 hours incubation in ̂ H-proline the label obscures 

borders of individual cells (Fig. 39G). The epoxy in which tissues are 

embedded, is nearly free of silver grains. This indicates that the 

labeling pattern is probably not due to background radioactivity. At 

this incubation time, notochords start to round up as they lose their 



rod-shaped structures. Cytoplasmic blebs which result from trypsini-

zation procedures are diminished. 

Notochords cultured 2k hours in ̂ H-proline show extracellular 

and cellular silver grains in a random, dense pattern (Fig. 39H). 

Label is lightest within the intracellular vacuoles. 

3 
Therefore, the quantitative increase in H-proline associated 

with notochordal tissues in vitro is time dependent and corresponds to 

the duration of exposure to this labeled precursor. 

Notochordal cells were incubated 4-9 hours in the presence of 

^H-proline and light microscopic autoradiograms were prepared. At this 

time silver grains are noted over notochordal cytoplasm, nuclei and 

intercellular spaces with approximately equal density (Fig. kO). A 

label count shows that cellular silver grains exceed background by 

about 10 times. Electron microscopic autoradiography carried out on 

notochordal cells cultured 48 hours in ̂ H-proline shows label associ

ated with various cellular organelles such as scattered polyribosomes 

and dilated endoplasmic reticulum (Fig. 4l). Within the extracellular 

space, label is associated closely with the well-developed basal 

laminae adjacent to the cell surfaces. Microfibrils of various sizes 

and other extracellular materials also show label (Figs. 41-42). 

Qualitative differences in labeling patterns are not observed when 

these 48 hour cultures are pulse-labeled (3 to 6 hours) or exposed con

tinuously to the tritiated proline. When isotope-free cultures or 

culture medium-conditioned substrata are prepared for light or electron 

microscopic autoradiography, only occasional random silver grains are 



Figure 40. Light microscopic autoradiograph of notochordal tissue 
treated with ^H-proline anc* incubated 48 hours in 
vitro.—Silver grains are located over cytoplasm, 
nuclei and extracellular space (ECS). Toluidine blue. 
XI,200. 

Figure 4l. Electron microscopic autoradiograph of notochordal 
cell surface from tissue similar to that seen in 
Figure 40.—Basal lamina (BL), microfibrils (arrows) 
and other components of the extracellular matrix are 
associated with the tritium label. Intracellular 
silver grains are present over rough endoplasmic 
reticulum (r), polyribosomes and other cellular or
ganelles. IB, interstitial body; ECS, extracellular 
space. X28,50O. 

Figure 42. Higher magnification of extracellular matrix produced 
by notochordal cells at 48 hours of in vitro incuba
tion.—Tritium labeled silver grains are noted over 
fragmentary basal lamina (BL) and numerous microfib
rils (arrows) which are cut in various planes of 
section. X73,000. 

Figure 43. Light microscopic autoradiograph of notochordal tissue 
cultured 48 hours in the presence of ̂ H-proline and 
cis-hydroxyproline.— Intracellular label is diminished 
with respect to untreated control tissues (compare 
with Fig. 40). Moreover, the extracellular to cellu
lar ratio of silver grains is markedly diminished. 
ECS, extracellular space. Toluidine blue. XI,200. 

Figure 44. Electron microscopic autoradiograph of cis-
hydroxyproline treated notochordal cells from tissue 
similar to that seen in Figure 43.—The majority of 
silver grains are limited to cytoplasm and nucleus. 
Areas of active fibrillogenesis are infrequently 
observed. X5,250. 
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noted. The label in these preparations never exceeds that of back

ground in tissues to which the isotope (^H-proline) is added. 

Tritiated Proline and Cis-
Hydroxyproline 

3 
Some notochords were cultured in the presence of H-proline and 

cis-hydroxyproline. This latter substance is a proline analog known 

specifically to inhibit cellular extrusion of collagen (Rosenbloom and 

Prockop 1971)• Light microscopic autoradiographic examination of these 

cultures show widely dispersed stellate cells while few clusters of 

aggregated cells are seen (Fig. ̂ 3)• Moreover, a markedly decreased 

ratio of extracellular to cellular label is obtained in these cultures. 

Furthermore, a reduction in total silver grains per unit area is ob

served. Electron microscopic autoradiography of the cis-hydroxyproline-

treated tissues shows silver grains associated with notochordal nuclei, 

rough endoplasmic reticulum, Golgi zones and other cellular organelles 

(Fig. 4^). Areas of active fibrillogenesis or heavy tritium label are 

observed infrequently in extracellular spaces. When microfibrils are 

present, however, they exhibit decreased diameters as compared to con

trols (Table 2). This reduction is statistically significant to the 

99$ confidence level. The average diameter of the 25 largest micro

fibrils in the cis-hydroxyproline-treated sample is also significantly 

reduced. 

Tritiated Fucose 

Autoradiographic studies of notochords exposed to ̂ H-fucose, a 

specific precursor of glycoproteins (Bekesi and Winzler 19^7) were 
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carried out. Following a five minute incubation period in ^H-fucose, 

light microscopic autoradiography demonstrates a grain count over 

notochordal tissues which is approximately equal to background (Fig. 

^5A). Notochords appear morphologically intact following this treat

ment and numerous cytoplasmic blebs which result from the isolation 

procedure are present. 

Following a 30 minute exposure to ^H-fucose, cellular and 

extracellular label is approximately three times higher than background. 

Silver grains are located primarily over the cytoplasm in these tissues 

(Fig. ̂ 5B). Some intracellular vacuoles and nuclei also contain tri-

tiated material. 

Light microscopic autoradiographic studies of notochords cul

tured one hour in ^H-fucose show that the majority of the label is 

found over cellular blebs and cytoplasm, but nuclei also are labeled 

(Fig. ̂ 5C). Concentrations of label vary in different regions. This 

is due probably to preferential incorporation of the labeled fucose 

by cells with greater metabolic requirements. 

Following a two hour incubation period in ^H-fucose, label is 

approximately five times greater than background (Fig. A-5D). These 

2 
cultures have a higher count of silver grains per mm than tissues 

3 
exposed to H-fucose for shorter time periods. Cytoplsismic blebbing 

is observed and silver grains are associated closely with these pro

jections. 

Notochords cultured four hours in the presence of labeled 

fucose demonstrate clearly radioactivity over cellular and extracellular 
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regions (Fig. VjE)• The disparity in the numbers of grains associated 

with individual cells which is apparent in notochords cultured less 

than one hour is likewise apparent at this incubation period. Light 

microscopic autoradiography of both longitudinal and cross sections 

demonstrates that peripheral cells do not display a greater concentra

tion of silver grains than centrally located cells. 

Following eight hours of in vitro incubation in ^H-fucose, a 

further increase in silver grains is noted (Fig. *+5F). A higher con

centration of label appears over cytoplasm than nuclei. Numerous 

intracellular vacuoles and prominent nucleoli are observed, but unlike 

the proline label, ̂ H-fucose is associated seldom with these structures. 

Notochords cultured 12 hours in the presence of labeled fucose 

demonstrate a general label which is approximately 15 times higher than 

background (Fig. ̂ 5G)• 

Notochords cultured 2b hours demonstrate increased label with 

grain counts approximately 20 times greater than background (Fig. kjH.). 

Since the highest concentration of ̂ H-fucose is observed in tissues 

incubated 2b hours, the uptake of this precursor is related directly 

to the duration of exposure. 

3 3 
To ensure that free H-proline or H-fucose was not bound by 

the aldehyde fixatives, all tissues were rinsed thoroughly four times 

with HBSS. The final rinse was equivalent to background when quanti-

tated by liquid scintillation. 

In an effort to localize incorporated ^H-fucose in individual 

notochordal cells in vitro, electron microscopic autoradiography was 



Figure ^5. LMAR of notochord cultured in ^H-fucose 5 minutes-2^ hours. 

A Light microscopic autoradiography of cross section through 
notochord (N) following five minute incubation in 3H-fucose. 
A few scattered silver grains are located over the cells. 
Toluidine blue. XI,000. 

3 
B Notochordal tissue exposed to H-fucose for 30 minutes. Label 

is present over cytoplasm and nuclei at a level that approxi
mates 5 times background, v, vacuole. Toluidine blue. XI,000. 

C Light microscopic autoradiograph of longitudinal section 
through notochordal tissue (N) cultured one hour in tritiated 
fucose. Toluidine blue. XI,000. 

D Cross section of notochord exposed to ^H-fucose for two hours. 
Label is located over nuclei, cytoplasm and cellular blebs. 
N, notochord. Toluidine blue. XI,000. 

E Light microscopic autoradiogram of notochord incubated four 
hours in 3H-fucose. The label is greater in this tissue than 
shown in the previous four figures, v, vacuoles. Toluidine 
blue. XI,000. 

F Longitudinal section of notochord (N) incubated in ̂ H-fucose 
for eight hours. Toluidine blue. XI,000. 

G Light microscopic autoradiograph of notochord incubated 12 
hours in 3H-fucose. Cellular and extracellular silver grains 
are present. Toluidine blue. N, notochord. XI,000. 

H Notochord tissue cultured in ^H-fucose for 2k hours. Tritium 
label is approximately 20 times higher than background. XI,000. 
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carried out. Following a 30 minute incubation period in the presence 

of the isotope, silver grains are present over polyribosomes and 

occasionally are found associated with nuclei (Fig. 46A). All cellular 

organelles appear within the normal range of variation. 

Isolated notochords cultured 8 hours in the presence of 

fucose demonstrate radioactive label associated with polyribosomes, 

rough endoplasmic reticulum, nuclei and the Golgi apparatus (Fig. 46B) .  

At this incubation time, cisternae of the Golgi zone appear typically 

as flattened concave sacs. 

Following 2k hours in culture, labeled fucose is found associ

ated with various subcellular organelles (Fig. *v7A). Silver grains are 

localized frequently to dilated cisternae of the Golgi apparatus. 

Moreover, label is associated closely with basal lamina material, 

microfibrils and other components of the extracellular matrix (Fig. 

*t?A, k7B). 

Effect of BAPN on Cultured Hotochordal Cells 

Isolated notochords were cultured 72 hours in the presence of 

0.5 mM beta-aminopropionitrile (BAPN). This lathyrogenic compound is 

used to determine the effect of inhibited cross-linking in newly ex

truded collagen upon notochordal production of basal lamina, micro

fibrils and amorphous materials. 

Surface of BAPN-Treated 
Notochordal Cells 

Following exposure to ER, a marked increase in stained material 

at the surface of the notochordal growth area is observed (Fig. 48, 



Figure ^6. EMAR of notochords cultured 30 minutes or 8 hours in ̂ H-
fucose. 

A Electron microscopic autoradiograph of notochordal tissue incu
bated for 30 minutes in ̂ H-fucose, a precursor for glycopro
teins. Silver grains are predominantly associated with poly
ribosomes that are found scattered throughout the cytoplasm. 
Occasionally tritiated material is found over the nucleus (nuc). 
v, intracellular vacuole. X28,600. 

B Electron microscopic autoradiograph of notochordal tissue cul
tured eight hours in the presence of 3H-fucose. At this time 
labeled material is observed associated closely with Golgi 
zones (g), the cisternae of which are typically flattened. 
Silver grains are also associated with rough endoplasmic reticu
lum (r), polyribosomes and other cellular organelles, nuc, 
nucleus; v, vacuole; m, mitochondrion. X35t200. 



Figure 46. EMAR of notochords cultured 30 minutes or 8 hours in 
3H-fucose. 
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Figure k?. EMAR of notochords cultured 2k hours in "^H-fucose. 

A Electron microscopic autoradiograph of notochordal tissue incu
bated 2k hours in the presence of ^H-fucose. This material is 
associated with numerous organelles, especially the Golgi zones 
(g) which exhibit dilated cisternae. Extracellular tritium is 
present over basal laminar material (arrows), m, mitochon
drion; nuc, nucleus. X20,500. 

B Electron microscopic autoradiograph of notochordal cells at 2k 
hours incubation. Basal lamina, microfibrils (arrows) and 
other components of the extracellular matrix are associated 
with ^H-fucose. Intracellular silver grains are associated 

• with polyribosomes and rough endoplasmic reticulum (r). nuc, 
nucleus; lp, lipid droplet. X23,000. 
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compared with Fig. 25). This suggests that BAPN may stimulate the 

production of glycosaminoglycans by notochordal cells. Notochordal 

plasmalemmae display an RR-positivity which is comparable to controls. 

Following BAPN treatment the cellular organelles appear morphologi

cally similar to those seen in untreated notochordal cultures. Numer

ous mitochondria which contain intramitochondrial granules, dilated 

cisternae of rough endoplasmic reticulum and prominent polyribosomes 

are present. This complement of organelles usually is associated with 

secretory activity. 

Some BAPN-treated cultures were incubated with testicular 

hyaluronidase prior to exposure to RR. Following this treatment there 

is a significant reduction of RR-positive, surface-associated sub

stances (Fig. 49) while plasmalemmae appear similar to those seen in 

untreated control cultures (Figs. 2^, 26). These experimental tissues 

display numerous intracellular vacuoles of various sizes, some of which 

contain electron dense substances. Microfilaments are present through

out the notochordal cytoplasm (Fig. 49). 

Intercellular Spaces of BAPN-Treated 
Notochordal Cells 

Intercellular spaces within BAPN-treated notochordal tissues 

exhibit accumulations of morphologically identifiable extracellular 

materials. Frequently a well-defined basal lamina is observed adjacent 

to contiguous cell surfaces and randomly arranged microfibrils are 

scattered throughout the extracellular space. The average micro

fibrillar diameter in BAPN-treated tissues is reduced significantly 



Figure k8. Electron micrograph of surface of notochordal cells of 
outside layer of growth nodule (see arrows in Fig. 23) 
following 72 hours incubation in the presence of 0.5 
mM BAPN.--This tissue is treated with ruthenium red. 
There is a marked increase in ruthenium red-positive 
material at the surface of notochordal cells when 
compared to controls (see Fig. 25). The cellular 
plasmalemma is also ruthenium red-positive (arrows). 
ECS, extracellular space. XlS^OO. 

Figure 49. Electron micrograph illustrates notochordal tissue 
incubated 72 hours in the presence of BAPN followed by 
treatment with testicular hyaluronidase and ruthenium 
red.—The marked reduction of ruthenium red-positivity 
following hyaluronidase treatment implies that this 
surface material can be interpreted mainly as glycos-
aminoglycans. v, intracellular vacuole; ECS, extra
cellular space. X21,000. 

Figure 50. Intercellular space within notochordal growth area 
following 72 hours of in vitro incubation in the pres
ence of BAPN (see rectangle in Fig. 23).—The average 
microfibrillar diameter in BAPN-treated tissues is 
decreased approximately 2($. Frequently, large (130oS) 
striated collagen fibrils are intermingled with micro
fibrils. These exhibit distinct macroperiods of 55oS 
as shown on the inset (large arrows). BL, basal 
lamina; small arrows, intercellular junction; ECS, 
extracellular space. X28,000. Inset, X82,500. 
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when compared to controls (Table 2). Paradoxically, however, large 

(1300S) tapered collagen fibrils frequently are seen intermingled with 

smaller microfibrils (Fig. 50). These fibrils demonstrate a periodi

city of approximately 55oX (inset, Fig. 50). 

Incorporation of Radioactive 
Precursors in BAPN-Treated 
Notochordal Cells 

The foregoing ultrastructural studies demonstrate that noto-

chords incubated in the presence of BAPN show a decreased average 

microfibrillar diameter although large collagen fibrils frequently are 

observed. Moreover, an increased deposition of RR-positive, 

hyaluronidase-sensitive material is found in these cultures. These 

phenomena may be due to microenvironmental changes or alternatively, 

BAPN may alter the metabolism of the notochordal cells in vitro. To 

test these hypotheses, incorporation of ^H-proline and ^H-fucose are 

quantitated by liquid scintillation. These precursors are utilized 

because my autoradiographic studies demonstrated that these substances 

are metabolized by notochordal cells in vitro. Moreover, both radio

active precursors are found associated with notochordal extracellular 

matrix. 

Tritiated Proline. Notochords incubated in the presence of 0.5 

mM BAPN were exposed sequentially to trypsin and highly purified col-

lagenase. Enzyme-sensitive materials were interpreted as notochordal 

ECM because collagenase is known specifically to digest collagen 

(cleaves at glycine residues) and trypsin is a non-specific protease 



which digests extracellular glycoproteins and proteoglycans (cleaves at 

arginine and lysine residues). BAPN-treated tissues showed a marked 

increase in proline incorporation as compared to controls (Tables 3 and 

4). This increase was found in two separate experiments (2^ total 

dependent analyses), despite a decreased (ca. 2C$) radioactivity in 

both cells and dialysis residue of the culture medium. This suggested 

that low doses of BAPN may stimulate protein synthesis and extrusion 

in embryonic cells. 

Tritiated Fucose. Similar experiments showed a striking 

decrease in the incorporation of ̂ H-fucose in trypsin-collagenase sen

sitive ECM when this isotope was added to the BAPN-containing culture 

medium (Tables 5 and 6). Although cellular label was likewise de

creased, it did not parallel the drop seen in the extracellular matrix. 

In each experiment, DPM's were normalized for numbers of cells 

(1.2 x 10^) in the culture medium. Disintegrations per minute in the 

fourth rinse of each culture prior to trypsin-collagenase treatment 

was equivalent to background in all experiments. This indicated that 

unincorporated extracellular radioactivity was adequately removed by 

rinsing procedures. 



Table 3» The effect of BAPN on the incorporation of ̂ H-proline by notochordal cells in vitro: 
Experiment I. 

Twenty-four isolated notochords were incubated 72 hours in the presence of ̂ H-proline. 
Some cultures also contained 0.5 niM BAPN. Radioactive culture medium was collected 
and tissues thoroughly rinsed with HBSS. Tissues were exposed one hour to trypsin 
(1 ml) during which time they were freed from the substratum. Trypsin was inacti
vated, centrifuges and supernatant collected. These cells (dissociated tissues) were 
treated 30 minutes with 0.05$ collagenase (0.5 ml), centrifuged and the collagenase-
sensitive supernatant was added to the inactivated trypsin-sensitive supernatant. 
Numbers of cells were determined with an hemocytometer. Five hundred fil of the cul
ture medium was dialyzed hours against 0.05 M Tris buffer at 6°C. The contents 
of the dialysis bags were assayed as described in the text. 

, , 3H-Pro + BAPN 
Material H-Proline H-Proline + BAPN 3H-Pro 

Culture medium 1.77 x 108 -
8a 

0.19 x 10oa 1.79 x 108 i 

CO o
 •
 

o
 X 108 1.0 

Extracellular matrix lM x 105 -0.03 X 105 3.37 x 105 i 0.19 X 105 2.35 

Dialysis residue** - — - -

Cells® 9.0 x 105 -0.23 x 105 6.93 x 105 -0.76 X 105 0.77 

Represents standard error. 

^Culture medium in which 2k notochords were incubated 72 hours. 

°Supernatant material digestible by trypsin or collagenase. 

^Dialysis residue of culture medium (see b) against 0.05 M Tris buffer. 

e1.2 x 10^ cells/culture dish. 



Table 'f. The effect of BAPN on the incorporation of ̂ H-proline by notochordal cells in vitro: 
Experiment II. 

3 
Twenty-four isolated notochords were incubated 72 hours in the presence of H-proline. 
Some cultures also contained 0.5 mM BAPN. Radioactive culture medium was collected 
and tissues thoroughly rinsed with HBSS. Tissues were exposed one hour to 1# trypsin 
(1 ml) during which time they were freed from the substratum. Trypsin was inacti
vated, centrifuged and supernatant collected. These cells (dissociated tissues) were 
treated 30 minutes with 0.0% collagenase (0.5 ml), centrifuged and the collagenase-
sensitive supernatant was added to the inactivated trypsin-sensitive supernatant. 
Numbers of cells were determined with an hemocytometer. Five hundred fil of the cul
ture medium was dialyzed 5^ hours against 0.05 M Tris buffer at 6°C. The contents 
of the dialysis bags were assayed as described in the text. 

x x ?H-Pro + BAPN 
Material H-Proline H-Proline + BAPN ^H-Pro 

Culture medium 
8 + 

1.79 x 10° -
8s 

0.009 x 10 1.79 x 108 - 0.61 X 

0
0
 
0
 

H
 1.0 

C 
Extracellular matrix 2.k5 x 105 - 0.09 x 105 3.95 x 105 i 0.29 X 105 1.60 

Dialysis residue** 3.17 x 105 -0.35 x 105 2.73 x 105 -0.11 X 105 0.86 

Cells® 
if + 

5.22 x 10 - 0.27 x 10^ ^f.UO x 10^ -0.22 X 10* 0.81* 

aRepresents standard error. 

^Culture medium in which 2k notochords were incubated 72 hours. 
Q 
Supernatant material digestible by trypsin or collagenase. 

dialysis residue of culture medium (see b) against 0.05 M Tris buffer. 
e 6 
1.2 x 10 cells/culture dish. 



Table 5« The effect of BAPN on the incorporation of 3H-fucose by notochordal cells in vitro: 
Experiment I. 

Twenty-four isolated notochords were incubated 72 hours in the presence of 3H-fucose. 
Some cultures also contained 0.5 irM BAPN. Radioactive culture medium was collected 
and tissues thoroughly rinsed with HBSS. Tissues were exposed one hour to 1% trypsin 
(1 ml) during which time they were freed from the substratum. Trypsin was inacti
vated, centrifuged and supernatant collected. These cells (dissociated tissues) were 
treated 30 minutes with 0.05$ collagenase (0.5 ml)i centrifuged and the collagenase-
sensitive supernatant was added to the inactivated trypsin-sensitive supernatant. 
Numbers of cells were determined with an hemocytometer. Five hundred fil of the cul
ture medium was dialyzed 5^ hours against 0.05 M Tris buffer at 6°C. The contents 
of the dialysis bags were assayed as described in the text. 

, , 3H-Fuc + BAPN 
Material H-Fucose H-Fucose + BAPN -^H-Fuc 

Culture medium'3 1.78 x 108 - 0.2b X 108a 1.77 X 108 0.05 x 108 1.0 

C 
Extracellular matrix 8.07 x 105 -0.08 X 105 0.1+5 X 105 

+ 
0.01 x 105 0.06 

Dialysis residue** 9.^ x 105 - O.V? X 105 0.33 X 106 
+ 
0.008 x 106 0.0^ 

Cells6 9A x 103 -0.52 X 103 h.5 x 103 
+ 
0.77 x 103 0.if7 

Represents standard error. 

^Culture medium in which 2b notochords were incubated 72 hours. 

cSupernatant material digestible by trypsin or collagenase. 

^Dialysis residue of culture medium (see b) against 0.05 M Tris buffer. 
e 6 
1.2 x 10 cells/culture dish. 



3 
Table 6. The effect of BAPN on the incorporation of H-fucose by notochordal cells in vitro: 

Experiment II. 

Twenty-four isolated notochords were incubated 72 hours in the presence of 3H-fucose. 
Some cultures also contained 0.5 mM BAPN. Radioactive culture medium was collected 
and tissues thoroughly rinsed with HBSS. Tissues were exposed one hour to 1# trypsin 
(1 ml) during which time they were freed from the substratum. Trypsin was inacti
vated, centrifuged and supernatant collected. These cells (dissociated tissues) were 
treated 30 minutes with 0.0556 collagenase (0.5 ml), centrifuged and the collagenase-
sensitive supernatant was added to the inactivated trypsin-sensitive supernatant. 
Numbers of cells were determined with an hemocytometer. Five hundred fil of the cul
ture medium was dialyzed 5^ hours against 0.05 M Tris buffer at 6°C. The contents 
of the dialysis bags were assayed as described in the text. 

Material ^H-Fucose 3H-Fucose + BAPN 

3H-FUC + BAPN 
^H-Fuc 

Culture medium*1 1.8 x 108 ± 0.20 X 108a 1.8 x 108 -0.2 x 108 1.0 

q 
Extracellular matrix 2.5 x 105 - 0.06 X 105 0.52 x 105 -0.02 x 105 0.21 

Dialysis residue 2.2 x 106 - 0.03 X 106 l.k x 106 -0.05 x 106 0.6^ 

Cells® 5.5 x 103 - 0.k5 X 103 2.5 x 103 i 0.11 x 103 0.^5 

Represents standard error. 
u 
Culture medium in which 2b notochords were incubated 72 hours. 

cSupernatant material digestible by trypsin or collagenase. 

dialysis residue of culture medium (see b) against 0.05 M Tris buffer. 
e 6 
1.2 x 10 cells/culture dish. 



DISCUSSION 

Morphology of the Notochord Sheath 

Light and Electron Microscopy 

The present study shows that at stage 17» the embryonic chick 

notochord appears suspended in a structureless matrix ventral to the 

developing neural tube. At the level of light microscopy, the peri-

notochordal area is remarkably acellular. Notochoraal cells, although 

vacuolated, give no indication of cytotoxicity. Fine structural 

studies confirm these results and show that these cells are highly 

differentiated and exhibit well-developed secretory organelles. Numer-

our polyribosomes, dilated cisternae of rough endoplasmic reticulum, 

mature Golgi zones and various secretory vesicles are observed. There

fore, at this stage the notochord possesses the morphological machinery 

necessary for secretory activity. This is consistent with Jurand's 

(1962) suggestion that the formation of large intracellular vacuoles 

during the first three days of chick embryonic life is a result of in

creased notochordal metabolism. Likewise, the extracellular materials 

found in cellular interstices and in the perinotochordal space are 

probably secretory products of the notochord (Duncan 1957? Ruggeri 

1972; Carlson 1973a, 1973b) although this latter point cannot be con

cluded from in vivo investigations. 

Ultrastructural studies of the notochord sheath were first 

reported by Duncan (1957)• Other investigators (Jurand 1962; Low 

9^ 
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196?, 1968; O'Connell and Low 1970; Carlson and Low 1971? Frederickson 

and Low 1971; Ruggeri 1972; Carlson 1973a, 1973b; Bancroft and Bellair 

1976)' further described this halo of extracellular materials and spec

ulated on its origin. Although most workers favored a notochordal deri

vation, Jurand (1962) believed that sheath components were formed by 

mesenchymal cells and subsequently attracted to the notochordal surface 

by some unknown force. This latter interpretation seemed untenable 

since at the time that the notochordal sheath becomes well established 

(1-3 days of incubation), notochordal cells were highly differentiated 

while somitic mesenchymal cells remained aggregated in a primitive epi

thelial configuration (Hay 1968). Furthermore, it did not seem reason

able that the interstitial fibrillogenesis described by Carlson (1973a) 

could be a result of mesenchymal secretions. 

Ultrastructural observations in the present study show that at 

stage 17, the notochord sheath exhibits a well developed basal lamina 

which separates notochordal cells from a dense tangle of unbanded 

microfibrils (100-300S in diameter), interstitial bodies (Low 1970), 

interstitial granules (Cohen and Hay 1971), and various flaky or gran

ular amorphous materials. The basal lamina is composed of an inter

mediate lamina densa (ca. 7002 thick) flanked on either surface by a 

relatively clear area which corresponds to the laminae rara usually 

associated with mature basal laminae (Latta, Johnston and Stanley 1975)* 

Fine fibrils which extend from the lamina densa through the clear areas 

contact cell membranes on the inner surface and microfibrils on the 

outer. 



Histochemical Analysis 

Ruthenium red histochemical staining procedures suggest that 

the fine fibrils associated with laminae densa may be composed par

tially of GAG's. Although it is not believed that adult basal laminae 

contain GAG's, a few studies (Bernfield, Banerjie and Cohn 1972; Hay 

and Meier 1971*; Trelstad, Hayashi and Toole 197^; Kelleyl975; Martinez-

Palomo 1970) suggest that such residues may be found associated with 

epithelial basal laminae in developing systems. This latter interpre

tation is consistent with my histochemical data. 

Some investigators suggest that microfibrillar components of 

the notochord sheath possess faint irregular striations (Frederickson 

and Low 1971), but collagen-like periodicity has not been previously 

reported. The present study shows that when notochords are removed 

from adjacent tissues by microdissection and fixed in osmium-RR, peri-

notochordal microfibrils occasionally exhibit clear-cut striated pat

terns. This is not unexpected because Manasek (1975b) shows that RR 

staining enhances visualization of collagen cross-banding. Furthermore, 

microfibrils are suspected to be forerunners of more mature unit col

lagenous fibrils (see Anderson 1967, for review). 

These data provide strong circumstantial evidence that GAG's 

and collagen may be the major constituents of the notochordal sheath. 

Furthermore, it is probable that the developing notochord may be re

sponsible for the production of its own extracellular matrix. More 

importantly, however, the present in vivo study provides a morphologi

cal data base to which in vitro notochordal products can be compared. 



Morphology of Isolated Mesenchyme-
Free Notochords 
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Light and Electron Microscopy 

In the present study isolated notochords do not lose their 

morphological integrity. Isolates retain their rod-shaped structures, 

presumably because trypsinization does not damage intercellular junc

tions. Similarly, Hay and Dodson (1973) demonstrate that intercellular 

junctions of the corneal epithelium are preserved following isolation 

by EDTA. In the present study, nuclei, mitochondria, rough endoplasmic 

reticulum and Golgi zones are indistinguishable from those seen in the 

in vivo notochord. This suggests that the functional status of the 

tissue is maintained. 

Perhaps the most striking morphological feature of isolated 

notochords are surface associated cytoplasmic blebs. These projections 

are diagnostic for epithelium from v/hich the basal lamina is removed. 

Embryonic neural tube (Cohen and Hay 1971) and corneal epithelium (Hay 

and Dodson 1973) demonstrate similar blebbing phenomena following 

removal of their basal laminae by trypsin or EDTA, respectively. 

Histochemical Analysis 

Notochordal cell surface coats and, to a lesser degree, plasma-

lemmae are altered mildly following trypsinization. This could be due 

to proteolytic action of trypsin on sialoglycoproteins, of which most 

surface coats are composed (Latta et al. 1975)« The present study indi

cates, however, that outer leaflets of the basal cell membranes are highly 

RR-positive following trypsinization. This suggests the presence of 
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GAG's and phospholipids (Luft 1971a, 1971b) and infers that the enzyme 

digestion methods employed are not sufficiently vigorous to damage 

cell coats. 

After isolation notochords are dissociated completely from 

overlying neural tubes and adjacent mesenchymal cells. Moreover, noto-

chordal basal lamina, associated microfibrils and amorphous substances 

are removed entirely from the perinotochordal area. This demonstration 

of mesenchyme-free notochords is critical to my study because it serves 

to control in vitro investigations. The purity of the notochordal 

organ culture is, therefore, established. Similar morphological con

trol experiments have been carried out by other investigators (Hay and 

Revel 1969; Cohen and Hay 1971; Hay and Dodson 1973) in an effort to 

demonstrate tissue homogeneity prior to culture. The demonstrated 

effectiveness of this procedure is necessary in my study in order to 

assure that in vitro cellular products are derived solely from noto

chordal cells. This permits rigorous characterization of newly formed 

extracellular substances in terms of their cellular progenitors. 

Ultrastructure of Notochordal 
Fibrillogenesis In Vitro 

To determine the developmental sequence of extracellular stroma 

in vitro, notochords isolated from Hamburger-Hamilton stage 13-16 chick 

embryos were incubated on Falcon plastic substrata for various lengths 

of time. The present investigation shows that notochordal fibrillo-

genesis is not limited to microfibrils, but includes other components 

of the matrix as well. Following 12 hours incubation the fibril-forming 



process begins with the appearance of a faint, discontinuous basal 

lamina adjacent to the surface of the notochordal cells. At 2k hours, 

small (100A) microfibrils and amorphous materials appear adjacent to 

the cellular surface. By 36 hours these microfibrils increase in 

length, diameter and number. However, they are still associated 

closely with the intermittent basal lamina. Following ^8 hours incu

bation, scattered larger (300X) microfibrils are present throughout the 

extracellular stroma. Some of these microfibrils exhibit faint irregu

lar striations which become more pronounced after 72 hours incubation. 

At this time the ECM is composed of thickened basal lamina, micro

fibrils of various sizes and flaky amorphous materials embedded in an 

electron lucent ground substance, and is remarkably similar to that 

seen in the in vivo perinotochordal space. The significance of the 

developmental appearance of extracellular materials by the notochordal 

epithelial cells in vitro is that the sequence closely parallels that 

seen in other embryonic epithelia both in vivo and in vitro (Low 1967» 

1968; Hay and Revel 1969; Frederickson and Low 1971; Carlson 1973a; 

Johnson et al. 197^; Dodson and Hay 1971; Cohen and Hay 1971; Hay and 

Dodson 1973). While these morphological similarities of development 

suggest similar cellular and extracellular metabolic processes, it is 

impossible to argue that either the biochemical mechanism of formation 

or the composition of the final extracellular products of various 

embryonic epithelia are identical. 

It seems significant that in vivo notochordal cells are most 

active in fibrillogenesis following stage 10 (Ruggeri 1972) when the 
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notochord begins its inductive activity on the sclerotomes of the 

somites which results in the production of cartilagenous precursors of 

the bony vertebral column (Seno and Buyokozer 1953; Strudel 1953; 

Holzer 196^; Lash 196^; Ellison, Ambrose and Easty 1969)# The con-

commitant initiation of notochordal secretory activity and the com

mencement of somite differentiation and cartilage formation, lead one 

to speculate that the notochordal epithelium could act as one of the 

initiating tissues in a series of subsequent developmental inductions. 

This process might be mediated by a biochemically or morphologically 

identifiable component of the ECM. 

Effect of Substrata 

Tissue and organ culture studies show that a collagenous sub

stratum stimulates the secretion of ECM by chick cornea (Dodson and Hay 

1971; Hay and Dodson 1973) and neuroepithelium (Cohen and Hay 1971). 

It is also true that these same tissues fail to produce such materials 

without the advantage of being cultured on a predominantly collagenous 

substratum. The present investigation demonstrates that notochordal 

epithelial cells are capable of initiating fibrillogenesis on a non-

collagenous substratum within 12 hours after isolation and trypsiniza-

tion. Thus the notochord seems to express a developmental autonomy 

which is uncommon among non-mesenchymal cell types. 

Investigations show that although notochordal cells do not 

require collagenous substratum for active fibrillogenesis, they are 

embryologically competent to respond to such stimulation and, indeed, 

produce increased fibrillar material under these conditions (Carlson, 
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Lauscher and Upson 197*0• Therefore, the inductive activity of the 

notochord could lead to cy to differentiation and subsequent secretory 

activity of other cell types. The extracellular products of these 

non-notochordal tissues could, in turn, promote the further production 

of notochordal secretions. The mechanism of these interactions is 

unknown, but it appears that collagen may modulate stroma production 

by stimulating the synthesis of individual morphological components of 

the ECM (basal lamina, microfibrils, amorphous materials). Alterna

tively, it may stimulate a broad general regulatory mechanism which re

sults in a non-specific increase in the production of all components of 

the ECM. 

Ultrastructural Analysis of 72 Hour 
Notochordal ECM 

Following 72 hours of in vitro incubation, isolated notochords 

complete their metamorphosis from long flaccid cylinders to flattened 

one mm circular growth areas. Cultured notochordal cells rarely assume 

cuboidal shapes reminiscent of those seen in the in vivo notochord. 

Basal cells are stellate in regions where they migrate radially along 

the substratum. Despite this migration, many cells maintain inter-

cellular connections by macula adherens (desmosomes). Similarly, Hay 

and Dodson (1973) show that the outer layer of cultured corneal epi

thelium exhibits flattened cells linked by desmosomes. Transitory 

migration is characteristic of cells cultured from embryonic epithelia 

(Cohen and Hay 1971; Hay and Dodson 1973)# 
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At 72 hours, cultured notochordal cells display a full comple

ment of cellular organelles similar to those seen in vivo and in un

cultured isolates. These include dilated cisternae of rough endoplasmic 

reticulum, mitochondria, numerous polyribosomes and active Golgi Zones. 

This finding eliminates the possibility of cytotoxicity in my system 

and indicates that my culture conditions do not alter morphologically 

the secretory machinery of the notochordal cells. Large intracellular 

vacuoles are observed frequently within cells. The development of 

these structures in vitro is paralleled by the in vivo notochord 

(Jurand 1962). 

Surface of Cultured Notochordal Cells 

Active fibrillogenesis is not observed on outer surfaces of 72 

hour nodular growth areas. Since these regions are exposed constantly 

to culture medium, ECM produced by these cells could be diffused away. 

Alternatively, incubated notochordal cells may require close contact 

to allow "crossfeeding" by which secretory products stimulate deposi

tion of ultrastructurally recognizable materials. This could account 

for the abundance of stroma within intercellular spaces as opposed to 

free surfaces where cellular proximity is reduced. 

At the level of fine structure, plasmalemmae of the surface of 

notochordal growth areas are similar to those seen in unincubated con

trols. Likewise, PR staining enhances the trilaminar substructure of 

these cell membranes. Surface coats are altered, however, and demon

strate increased RR-positivity. This production of a new glycocalyx 

implies secretory activity at this location. 
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Surface coats are ubiquitous in mature cells (H. Bennett 1963; 

Pease 1966; Manasek 1975b). They are composed mainly of glycoproteins 

(LeBlond 1950; Manasek 1975b), but stain heavily with RR. Therefore, 

the presence of acid mucopolysaccharide groups also is indicated. 

Relatively little is known about the composition or role of surface 

coats in embryonic tissues. 

In my study testicular hyaluronidase digests the RR-positive 

glycocalyx of 72 hour notochords, but does not alter the plasmalemmae. 

Since this hyaluronidase is specific for chondroitin, hyaluronate and 

chondroitin sulfate (Toole et al. 1972) and recent GAG studies (Hay 

and Meier 197^5 Kosher and Lash 1975) demonstrate that the notochord 

synthesizes only chondroitin sulfate and heparan sulfate, it seems 

reasonable to suggest that notochordal cell coats are composed mainly 

of chondroitin sulfate. The tsmall amount of RR-positive matrix not 

affected by hyaluronidase treatment could be heparan sulfate. This 

material is manifested by plaque-like regions on the plasmalemmae. 

Similar RR-positive, hyaluronidase-resistant membrane plaques have 

been demonstrated in other cultured embryonic epithelia (Hay and Meier 

197*0. 

My results sire consistent with studies which demonstrate that 

established cell lines synthesize heparan sulfate in vitro (Kraemer 

1968; Conrad and Hart 1975; Hay and Meier 197*0. This substance is 

associated predominantly with the outer surface of cell membranes 

(Conrad and Hart 1975). Therefore, it is not surprising that noto

chordal heparan sulfate is localized to the cell coat. 
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Intercellular Spaces of Cultured 
Notochordal Cells 

Within the deeper intercellular regions of 72 hour notochordal 

growth areas an increased density (as compared to shorter incubation 

periods) of ECM is observed. Some large microfibrils exhibit indis

tinct cross-banding patterns which suggest a possible collagenous 

moiety. This is compatible with studies by Carlson and Evans 

(197^ ) that show faint irregular striations in microfibrils produced 

by cultured notochords. 

Enzyme Digestion Studies. When notochordal tissues are treated 

with collagenase, an enzyme which specifically cleaves tropocollagen 

molecules, amorphous materials and microfibrils are altered markedly. 

Fibrils exhibit remarkably well-defined shapes, which could be due to 

a concommitant reduction in amorphous structures which usually tend to 

obscure these fibrils. Moreover, the average microfibrillar diameter 

is decreased by ca. 31% (Table 2). This suggests that a collagen 

moiety is associated with microfibrillar exteriors and amorphous mate

rials. 

Biochemical studies of secretory products of isolated noto

chords in vitro show that these tissues produce an unusual collagen 

similar to that found in cartilage (Linsenmayer et al. 1973; Miller and 

Mathews 197*0 • These molecules are composed of three identical a-1 

chains and, although a small amount of a-2 material (<10$) is observed, 

the majority of the secretion is determined to be non-Type I collagen. 

In a more recent report, Carlson and Upson (197^) show that notochordal 
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cells produce "native" striated collagen fibrils in vitro. This is 

consistent with the observation of Frederickson and Low (1971) who show 

that some in vivo perinotochordal microfibrils (primarily larger 200X 

fibrils) are unstriated, but yet are attacked by collagenase. Hence a 

collagen moiety which is not ultrastructurally demonstrable is postu

lated. Ruggeri (1972) concurs with this conclusion and suggests on the 

basis of an ultrastructural study of developing chick notochord in vivo 

that this tissue secretes "collagenous microfibrils." 

My data support the idea that notochordal cells are capable of 

collagen production. Moreover, the collagen moiety is not only 

associated with microfibrils, but with amorphous materials as well. 

Unlike the in vivo investigations of Frederickson and Low (1971), col

lagenase does not digest selectively larger 200-3002 microfibrils in 

the present study. The decrease in mean values of the 25 largest 

collagenase-treated microfibrils is proportional to the observed re

duction in average-sized microfibrils (Table 2). 

It is known that during the period of chick somite chondro-

genesis in vivo, the notochord synthesizes and secretes proteoglycans 

(Franco-Browder, De Rydt and Dorfman 1963; Ruggeri 1972; Hay and Meier 

197*f; Kosher and Lash 1975). Moreover, various GAG's are located at 

the cell surfaces in a number of other embryonic tissues (Manasek 

et al. 1973; Meier and Hay 1973; Trelstad et al. 197^5 Hay and Meier 

197*0• Some investigators suggest a regulatory role for GAG's in dif

ferentiation (Toole 1972; Toole et al. 1972; Bernfield, Cohn and 

Banerjie 1973; Zalik and Scott 1973)# 



106 

In the present study treatment of notochordal cultures with 

testicular hyaluronidase results in decreased extracellular amorphous 

material and an approximately 3*$ reduction in average microfibrillar 

diameter. This implies that these structures are composed partially 

of GAG's. Since the notochord produces little if any non-sulfated 

glycosaminoglycans (Hay and Meier 197^5 Kosher and Lash 1975) and 

testicular hyaluronidase digests selectively chondroitin sulfate, 

hyaluronate and chondroitin (Toole et al. 1972), it follows that the 

majority of hyaluronidase-sensitive material is chondroitin sulfate. 

These findings are consistent with in vivo studies (O'Connell and Low 

1970) which show that perinotochordal microfibrils develop in an acid 

mucopolysaccharide ground substance. This accords with histochemical 

studies by Ruggeri (1972) who concludes that notochordal cells secrete 

chondroitin sulfate A and/or C. Frederickson and Low (1971) demonstrate 

that small 100$ microfibrils are digested by hyaluronidase and propose 

that these early fibrils might be composed primarily of mucopoly

saccharides conjugated to protein. In the present study, enzyme diges

tions of notochordal ECM do not selectively attack any specific size 

microfibrils, but rather reduce all microfibrillar diameters propor

tionately (Table 2). 

Since collagenase and hyaluronidase are equally effective in 

reducing microfibrillar diameters, it is possible that microfibrils are 

composed of both collagen and chondroitin sulfate moieties. Removal 

of either of these substances leaves a morphologically distinct enzyme-

resistant core. 
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Collagen-like fibrils with an unusual 230X periodicity are 

found occasionally in hyaluronidase-treated cultures. It is not likely 

that the banded appearance of these fibrils is due to molecular re

arrangement following digestion. These tissues are stabilized with 

Karnovsky's (1965) glutaraldehyde-paraformaldehyde fixative prior to 

enzyme treatment and therefore most macromolecules are probably cross-

linked. It is more likely that removal of GAG's "unmasks" pre-existing 

striated fibrils. This interpretation is in agreement with others 

(Newman and Low 1970) which show similar effects of hyaluronidase upon 

developing chick aorta ECM. 

Histochemical Analysis. When 72 hour cultured notochords are 

exposed to RR, plasmalemmae, basal lamina, microfibrils and amorphous 

materials within the intercellular regions are stained. The staining 

pattern resembles closely that seen in the in vivo notochord sheath. 

This strongly suggests that the RR-positive components of the sheath 

are derived from notochordal cells. In vitro RR treatment also seems 

to enhance visualization of fine (80-l(X)X) filaments which extend be

tween matrix particles. Similar observations have been made in various 

other tissues (Myers, Highton and Rayns 1969; Trelstad et al. 197^5 Hay 

and Meier 197^, Manasek 1975b). Following exposure to RR, borders of 

microfibrils are more distinct and occasionally large unit collagenous 

fibrils are observed. RR-positive particles are associated closely 

with fibrillar collagen. This phenomenon has also been reported in 

embryonic cardiac matrix (Manasek 1975b; Manasek 1975c). 
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Visualization of collagen fibrils following RR-treatment may be 

the result of stain particles binding to acidic groups along the col

lagen fibril, thereby permitting the identification of crossbanding 

patterns. These patterns do not distinguish the collagen type, since 

most collagens demonstrate crossbanding under appropriate conditions 

(Manasek 1975b)• Moreover, in young embryos, Type I collagen is bio

chemically detectable prior to the observation of striated fibrils 

(Manasek 1975b). 

When notochordal tissues are treated with hyaluronidase prior 

to RR, the staining pattern is nearly eliminated. This suggests 

strongly that RR-positive, hyaluronidase-sensitive materials produced 

by notochordal cells in vitro are comprised mainly of chondroitin 

sulfate. It is possible, therefore, that some products of the noto-

chord are similar to those produced by the tissue (precartilagenous 

somites) (Kosher et al. 1973) upon which it exerts its known inductive 

effect (Kosher and Lash 1975)• 

In vivo studies show increased sulfated GAG's during the first 

tissue interactions of gastrulation (Green et al. 1968; Kosher and 

Searls 1973)• Furthermore, Kosher and Lash (1975) suggest that 

notochord-produced GAG's play an important role in the control of 

somite chondrogenesis. It is possible that the quantitative disparity 

and distribution of ECM produced by epithelial inductors plays a sig

nificant role in the interaction between tissues of dissimilar origin. 

This idea is supported by the observation that chondroitin sulfate and 

chondromucoproteins stimulate chondrocytes, somites and corneal 
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epithelium to produce more sulfated glycosaminoglycans (Nevo and 

Dorfman 1972; Kosher et al. 1973; Meier and Hay 1973)• Other investi

gators show that some GAG's may inhibit differentiating cells (Toole 

et al. 1972; Toole 1972). 

The mechanism by which GAG's enhance chondrogenesis or inhibit 

chondrocyte aggregation is not known. One hypothesis suggests that 

these substances interact with sclerotomal cell surface receptors 

(Meier and Hay 197^; Kosher and Lash 1975) to promote particular meta

bolic pathways. Alternatively, they may react with surface-associated 

enzymes such as glycosyltransferases (Roth, McGuire and Roseman 1971; 

Shur and Roth 1973) to alter GAG synthesis. 

Collagen and GAG Interactions. The present ultrastructural, 

histochemical and enzyme digestion studies emphasize interactions be

tween collagen and GAG's which are manifested as ultrastructurally 

identifiable fibrillogenetic products. Numerous investigations show 

that these macromolecules act in concert as they maintain a balanced 

internal milieu. As examples, GAG's influence precipitation of col

lagen from solution (Mathews 1965), interfere with tropocollagen 

fibrillogenesis (Toole and Lowther 1968; Lowther, Toole and Herrington 

1970) and bind to insoluble collagen (Mathews 1970; O'Brink 1970). 

These interactions may be the result of weak electrostatic and steric 

bonding between collagen and GAG's. Moreover, collagen telopeptides 

(non-helical regions) also seem to be involved because their removal 

reduces these interactions (Lowther et al. 1970). 
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Different GAG's also affect variously the morphology of col

lagen fibrils. Incorporation of chondroitin sulfate into fibrillar 

collagen alters its diameter, electron microscopic contrast (Nemeth-

Csoka i960) and heat stability (Gelman and Blackwell 1973), while 

heparin delays fibril formation (Wood i960). Hyaluronate occurs 

typically as a single chain GAG and exhibits a limited ability to 

interact with collagen (Mathews 1965). Therefore, it has little effect 

upon collagenous structures. 

Autoradiographic Studies of Notochordal 
Extracellular Matrix 

Tritiated Thymidine 

Tritiated thymidine is an adequate autoradiographic tool for 

detection of newly formed DNA and often is used to localize cell for

mation (LeBlond, Messier and Kopriwa 1959; Amano, Messier and LeBlond 

1959). When light microscopic autoradiography is carried out on cross-

sections through ^H-thymidine-treated chick embryos (Hamburger-

Hamilton stage 13-17)t label is demonstrated in all embryonic struc

tures. Dense populations of silver grains are located over the noto-

chord, neural tube, somites, dorsal aortae and other developing tissues. 

This pattern of presumed cell renewal is not unexpected since cell pro

liferation is one of the hallmarks of developing organisms. DNA 

synthetic activity appears to be reduced but not lost when notochordal 

tissues are dissociated from the embryos. Following the isolation and 

incubation procedures used in the present study, notochords continue 

to incorporate ^H-thymidine. 
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Tritiated Proline 

Autoradiographic studies of incorporated radioactive precursors 

are useful methods to localize different macromolecules (LeBlond and 

Bennett 197*0. For example, tritiated proline is a semispecific pre

cursor of collagen used commonly in embryonic epithelia (Cohen and Hay 

1971; Hay and Dodson 1973» Linsenmayer et al. 1973; Meier and Hay 197*0. 

My data strongly suggest that the notochord is a collagen-

producing epithelium. This is supported by light microscopic auto-

3 
radiography. Isolated notochords incubated 5 minutes in H-proline 

demonstrate a 10-fold increase in label over background. After this 

short exposure, silver grains are found throughout the cytoplasm and 

less frequently over nuclei. The latter finding is consistent with 

other investigations which report that proline is incorporated into 

nucleoproteins and structural proteins as well as collagen (Salpeter 

1968; Cohen and Hay 1971? Hay and Dodson 1973). At one hour incubation 

3 
time, H-proline label is approximately 50 times greater than back

ground. This time-dependent uptake of radioactive proline by cultured 

notochordal cells appears to be linear and by 2b hours, a heavy general 

label eliminates discernible cell outlines. Active metabolism of ^H-

proline by notochordal cells in vitro is, therefore, confirmed. 

Electron microscopic autoradiography shows that radioactive 

proline is taken up by cultured notochordal cells and secreted into 

the extracellular space where it is associated with basal lamina, 

microfibrils and other components of the ECM. A general intracellular 

label is observed throughout cytoplasm and nuclei. It is unlikely that 
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this non-specificity is due to free radioactive amino acids. Extensive 

washing and (in pulsed tissues) culturing for up to hours in isotope-

free medium precludes glutaraldehyde binding of unincorporated -

proline. Furthermore, control studies show that neither culture medium 

nor the substratum could be responsible for the observed radioactivity. 

Therefore, the non-specific labeling pattern indicates localization of 

incorporated ^H-proline. Presumably in embryonic tissues, proline is 

incorporated into numerous proteins necessary for cellular metabolism 

and is not limited to collagen or protein polysaccharides. It is pos

sible that only about 10$6 of proline-labeled proteins are collagen 

(Johnson et al. 197*0 • 

Tritiated Proline and Cis-
hydroxyproline 

When cis-hydroxyproline, a proline analog known specifically to 

inhibit cellular extrusion of collagen (Rosenbloom and Prockop 1971), 

is added to the system, several alterations in morphology and labeling 

patterns are noted. Fewer cell clusters are observed and fibrillo-

genesis is limited to the extracellular space adjacent to these cells. 

The remainder begin to migrate peripherally, lose their epithelial 

configuration and become stellate. Secondly, light microscopic auto-

radiographs of these preparations show that at a dose of fig/ml, 

approximately 1 ($ of proline residues are replaced by cis-hydroxyproline. 

Finally, the ratio of extracellular to cellular label is decreased 

dramatically with respect to untreated controls. Few silver grains 

occupy the extracellular space, while intracellular grains are 
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concentrated within cisternae of rough endoplasmic reticulum and Golgi 

zones. Presumably the inhibitory activity of cis-hydroxyproline allows 

collagen to be synthesized, but not extruded (Rosenbloom and Prockop 

1971)• Hence it is possible that the decrease in extracellular label 

is a direct effect of such inhibition. This suggests that the proline-

containing extracellular materials produced by notochordal cells, and 

reduced in the presence of cis-hydroxyproline, are composed of collagen. 

Great caution must be exercised in interpreting these results, 

however, since proteochondroitin sulfate (Pal et al. 1966) is rich in 

proline (10$ of the amino acid residues are proline). Many embryonic 

tissues, including the notochord, secrete sulfated glycosaminoglycans 

(Manasek et al. 1973; Hay and Meier 197^i Kosher and Lash 1975). 

Therefore, it is possible that proline-containing ECM produced by noto

chordal cells in vitro is not collagenous. In light of the present 

investigation, however, this latter conclusion can be reached only if 

one assumes that inhibition of glycosaminoglycan secretion is coupled 

to inhibition of collagen extrusion. The observed 29$ decrease (Table 

2) in microfibrillar diameters following cis-hydroxyproline treatment 

does not support this idea. This reduction in diameter is similar to 

that seen in collagenase-treated tissues. It does not seem coinci

dental that inhibition of collagen extrusion (by cis-hydroxyproline) 

or removal of previously formed collagen (by collagenase) results in 

microfibrillar structures which are reduced equally in size. Appar

ently, the presence of collagen is unnecessary for visualization of 
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microfibrils. These smaller fibrils could be comprised of a non-

collagenous protein core and a GAG exterior. 

Tritiated Fucose 

Relatively little is known about the actions of extracellular 

glycoproteins in developing systems. These substances are not de

tectable by usual histocheraical or enzyme digestion studies. Auto

radiographic investigations however, are particularly well-suited to 

glycoprotein analyses because radioactive fucose is a highly specific 

precursor for these macromolecules. Fucose is a stable sugar selec

tively taken up into carbohydrate chains of glycoproteins (Bennett and 

LeBlond 1971) and it is not significantly metabolized to other sub

stances (Coffey, Miller and Sellinger 196^; Kaufmann and Ginsburg 1968; 

3 
LeBlond and Bennett 197*0 • Moreover, the incorporation of H-fucose 

into prosthetic groups presumably indicates synthesis completion of 

glycoprotein molecules because fucose characteristically occupies the 

terminal position in the carbohydrate side chain (Rambourg 1971? 

Bennett and LeBlond 1971; DePaola et al. 1975)• 

When isolated notochords are exposed to ^H-fucose 5 minutes to 

2k hours, a time dependent increase of radioactivity is observed. 

Notochordal tissues incubated 30 minutes in ̂ H-fucose exhibit a cellu

lar label which is approximately 5 times background. Following 2k 

hours of incubation, a 20 fold increase in cellular and extracellular 

label is observed. Although ^H-fucose is not incorporated as rapidly 

or extensively as -proline, it is apparent that notochordal cells 

demonstrate the capacity for the production of glycoproteins. 



115 

Electron microscopic autoradiography shows that following 30 

3 
minutes incubation, H-fucose is associated with numerous cytoplasmic 

organelles, including polyribosomes, mitochondria, rough endoplasmic 

reticulum and occasionally nuclei. By 8 hours, silver grains are 

associated also with Golgi zones, which show flattened cisternae. At 

2k hours of incubation they are dilated, appear actively secretory and 

are labeled heavily. Tritiated fucose is also associated closely with 

basal lamina, microfibrils and amorphous materials. This latter obser

vation suggests strongly that notochordal ECM may contain a previously 

unrecognized glycoprotein component. 

My data are consistent with others (Spiro 1970; Heath 1971? 

Kent 1970) which show that the peptide portion of the glycoprotein 

moiety is synthesized on polyrobisomes, probably by the typical machin

ery of protein synthesis. The protein is believed to be transported 

through the rough endoplasmic reticulum to the Golgi apparatus where 

individual carbohydrate units are added by a series of highly specific 

glycosyltransferases (Spiro 1970). Moreover, cells with newly acquired 

carbohydrate-containing cell coats often exhibit extensive Golgi zones 

(Hayward 1969? DeAngelis and Nalbandian 1969)* In the present study 

^H-fucose is associated frequently with well-developed Golgi zones 

and occasionally with mitochondria. The latter observation accords 

with studies (Richard and Louisot 197*0 that demonstrate various glyco

syl transferases including fucosyltransferase, distributed in mito

chondria and other membranous structures of splenic cells. Bennett 

and LeBlond (1971) show that H-fucose was localized initially in the 
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Golgi apparatus, but later appeared in lysosomes of duodenal villus 

columnar cells and hepatocytes of rats. Although the metabolic pathway 

by which glycoproteins are carried to the extracellular surface is not 

known, they may be transported in vesicles (Bennett 1970). This, how

ever, is not demonstrable in my investigation. 

The findings in the present study are compatible with those of 

Manasek (1975a) who demonstrates a general increase in ^H-fucose in

corporation and subsequent deposition of extracellular glycoproteins 

in chick embryos between stages 4 and 12. Moreover, he reports labeled 

glycoproteins associated with regions of the somitic sclerotome, neural 

tube and notochord. He also shows that glycoproteins are synthesized 

by embryonic hearts before, during and after differentiation (Manasek 

1976). 

In developing systems, fucose-containing glycoproteins are 

associated with cellular organelles, glycocalyx and ECM (Manasek 1975b). 

Although the function of extracellular glycoproteins is uncertain, they 

may play a role in morphogenesis. As examples, an increased density 

of glycoproteins in cell coats prior to fusion of rat palatal shelves 

is demonstrated both in vivo and in vitro (Mato, Smiley and Dixon 1972; 

DePaola et al. 1975)* Moreover, alterations in glycoprotein components 

of the ECM between optic vesicle and early differentiating lens are 

reported (Hendrix and Zwaan 197*0. These data suggest that extra

cellular glycoproteins may be involved in cell-cell contacts (Neiders 

1972). Therefore, it seems significant that notochordal cells, which 

are known to influence differentiation of non-notochordal tissues, not 
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only incorporates glycoprotein precursors, but also synthesize and 

extrude these macromolecules to the ECM. 

Effect of BAPN on Cultured Notochordal Cells 

In an effort to further elucidate individual components of the 

ECM, it is appropriate to determine the metabolic effects of chemical 

compounds which specifically affect these matrix components. Beta-

aminopropionitrile (BAPN) is a lathyrogenic compound which inhibits 

cross-linking in newly synthesized collagen and elastin both in vivo 

and in vitro (Narayanan et al. 1972). This compound inactivates lysyl 

oxidase, an extracellular enzyme which oxidizes lysine and hydroxy-

lysine residues to aldehydes from which covalent cross-linkages are 

formed. 

Numerous morphological studies demonstrate connective tissue 

changes following treatment with lathyritic agents (Gardner 1959; Levy 

and Goodman 1955)• These include aortic aneurysms, skeletal deformi

ties, and destruction of connective tissue fibers. Although most 

studies are centered around the lathyrogenic properties of BAPN, this 

nitrile also affects tissues by other mechanisms. For example, large 

local masses sire observed along the developing salamander notochord 

following exposure to BAPN (Levy and Goodman 1955)• It is thought 

that these tumors arise either as a result of localized degeneration 

of the notochord sheath or as a direct stimulation of notochordal cell 

proliferation. Another organic nitrile, aminoacetonitrile, exerts a 

delaying action on collagen formation (Flume and Favilli 1961) and 

prevents the production of single strand breaks in hepatic DNA by 
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carcinogenic agents (Stewart 197*0» It has also been shown that low 

doses of BAPN may alter the production of collagen and non-collagenous 

proteins (Aleo 1969)• Glycosaminoglycan synthesis is affected simi

larly (Aleo et al. 1967). 

The present investigation attempts to determine the effect of 

BAPN upon the production and morphological manifestations of collagen, 

GAG's and glycoproteins by cultured notochordal cells. This study is 

unique because most data regarding the properties of BAPN are derived 

solely from investigations of adult connective tissue cells. Very 

little information is available regarding the effect of BAPN upon epi

thelial tissues in vitro. Only two studies (Levy and Goodman 1955; 

Carlson and Upson 197*0 describe the effect of BAPN on developing 

epithelial cells. 

Isolated notochords incubated in the presence of low dosages 

of BAPN (0.5 mM) do not exhibit cellular degeneration or cytotoxicity. 

Mitochondria, rough endoplasmic reticulum, Golgi zones and polyribo

somes are similar morphologically to those seen in control tissues. 

Surface of BAPN-treated 
Notochordal Cells 

When BAPN-treated notochords are exposed to RR, surface cells 

show a marked increase in RR-positive surface coat compared to non-

BAPN treated controls. Since this RR-positive material is also tes

ticular hyaluronidase sensitive, it is interpreted mainly as 

chondroitin sulfate. This finding suggests that BAPN stimulates the 

production of GAG's and is consistent with in vitro fibroblast studies 
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which demonstrate an increase in overall polysaccharide synthesis 

following BAPN treatment (Burzynski 1963; Bickley and Orbison 196k; 

Aleo et al. 1967). 

Intercellular Spaces of BAPN-treated 
Notochordal Cells 

Notochords incubated in the presence of BAPN produce micro

fibrils which are 21% smaller in diameter than controls (Table 2). 

Other studies (Matukas et al. 1968) also show altered fibrillar diame

ters following BAPN treatment. Articular cartilage collagen fibrils 

from lathyritic animals exhibit diameters from 200 to 700X, while 

control fibril diameters range from *+00 to 5008. This could indicate 

that altered inter- and intramolecular covalent cross-linking in col

lagen may affect the extracellular assembly of microfibrils. 

In the present study large striated (55oS macroperiods) unit 

collagenous fibrils are observed frequently intermingled with smaller 

microfibrils. This phenomenon was described first by Carlson and Upson 

(197^)• It is possible that notochordal collagen may be stimulated by 

BAPN to aggregate into large striated collagen fibrils. Moreover, 

cross-linking may not be necessary for aggregation to form fibrils. 

It must be pointed out, however, that notochordal collagen is not Type 

I and contains few, if any, a-2 chains (Linsenmayer et al. 1973). 

Accordingly, the metabolic processes which produce this unusual colla

gen and bring it to maturity may be different from those for the more 

commonly studied Type I collagen. Thus, the effect of BAPN on cross-

linking of notochordal collagen is not known. 
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Incorporation of Radioactive 
Precursors by BAPN-treated 
Notochordal Cells 

Tritiated Proline. My liquid scintillation studies of ̂ H-

proline incorporation in BAPN-treated cultures are designed to deter

mine whether the presence of collagen fibrils shown by electron 

microscopy is due to altered metabolism or to possible microenviron-

mental changes resulting from the addition of BAPN. My data show an 

3 
increase in H-proline containing ECM in BAPN-treated cultures. In

creased protein synthesis is thus indicated, a concept which is 

compatible with investigations suggesting that BAPN may promote 

collagen production. As examples; lathyritic chick embryos demonstrate 

an increased conversion rate of proline to hydroxyproline (Decker, 

Levene and Gross 1959)• Also BAPN treatment stimulates collagen pro

duction by 3T6 fibroblasts in vitro (Aleo 1969)• Moreover, accumula

tion of underhydroxylated cellular salt-soluble collagen is enhanced 

by BAPN. 

In summary, my liquid scintillation studies suggest that large 

collagen fibrils seen by electron microscopy following exposure to BAPN 

could be the result of a generalized increase in protein synthesis, if 

not a collagen-specific stimulation. It does not, however, rule out 

the possibility of microenvironmental changes favorable to the aggre

gation of collagen molecules to form fibrils. Low dosages of BAPN 

could alter ionic concentrations in the extracellular space and allow 

the accumulation of uncrosslinked tropocollagen to form striated 

fibrils. 
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Tritiated Fucose. My study is the first report of the effect 

of BAPN on glycoprotein metabolism. Autoradiography shows that 

fucose, a specific precursor for glycoproteins, is incorporated and 

metabolized by notochordal cells in vitro. Moreover, it is associated 

with the ECM produced by these cells. When isolated notochords are 

incubated in the presence of BAPN, notochordal ECM exhibits a striking 

decrease in ^H-fucose. This suggests that BAPN inhibits the produc

tion of glycoproteins by notochordal cells in vitro. 

Summary. Since the ECM analyzed in the present study is both 

trypsin- and collagenase-sensitive, it is possible that the increase 

in ^H-proline seen in BAPN-treated notochordal cultures represents in

corporation of this radioactive material into both collagenous and 

non-collagenous proteins. This is consistent with studies which sug

gest that BAPN is a general protein synthesis stimulator (Aleo et al. 

197'+; Aleo and Dirksen 1975)* 

It has been shown that the biosynthesis of chondroitin sulfate 

is dependent upon the production of a protein core (Tesler et al. 1965) 

and the availability of UDP-glycosyltransferases (Robinson et al. 1966). 

Interestingly, glycosyltransferases are not affected significantly by 

BAPN in vitro (Elders et al. 1975). Therefore, increased chondroitin 

sulfate deposits observed on notochordal cell surfaces following treat

ment with BAPN are probably a result of BAPN-stimulated protein syn

thesis and hexosamine metabolism probably is not altered. 

The observed reduction of ̂ H-fucose following BAPN treatment 

indicates an inhibition of glycoprotein synthesis. It also suggests 
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that BAPN-stimulated macromolecular synthesis, represented by the in

creased uptake of -proline, is not general. This concept is sup

ported by studies (Aleo and Dirksen 1975) which show that de nono 

lipid synthesis in vitro is inhibited largely by BAPN. Therefore, it 

is possible that BAPN stimulates notochordal tissues to produce colla

gen and non-collagenous proteins, but inhibits metabolic pathways for 

carbohydrate prosthetic groups of glycoproteins. Therefore, glycosy-

lation of core protein would be reduced resulting in an abnormal 

(underglycosylated) molecule. 

Conclusions 

My data are consistent with those of numerous other investi

gations of developing systems. Evidence from the present study 

supports the following conclusions. 

1. The in vivo notochord sheath is composed of basal lamina, 

microfibrils and other less-organized extracellular materials, all of 

which demonstrate an affinity for RR, and therefore, exhibit a GAG 

moiety. Furthermore, in vivo notochordal microfibrils are crossbanded 

under appropriate conditions and must be interpreted to be at least 

partially collagenous. 

2. Numerous cytoplasmic blebs are seen at the surface of isolated 

denuded notochords, a phenomenon that is common in epithelia from which 

basal lamina has been removed. The plasmalemmae of notochordal blebs 

are highly RR-positive, a characteristic which suggests the presence 

of GAG's and phospholipids and infers that my isolation technique does 

not remove GAG components of cell coats. 
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3. Isolated notochords are capable of initiating fibrillogenesis 

on a non-collagenous substratum within 12 hours in culture. Although 

this developmental autonomy is uncommon among non-mesenchymal cell 

types, the developmental sequence by which components of the noto-

chordal ECM are produced closely parallels that seen in other embryonic 

epithelia both in vivo and in vitro. 

b. Fibrillogenesis does not occur on the surface of cultured noto-

chordal growth areas, but occurs vigorously within cellular interstices. 

This suggests that cellular proximity may be necessary for ECM pro

duction within a homogeneous non-mesenchymal cell population. 

5« Microfibrils produced by cultured notochordal cells probably 

consist of collagen, GAG's and an enzyme-resistant core. 

6. All components of the in vitro notochordal ECM are RR-positive, 

a characteristic which is eliminated by testicular hyaluronidase. 

This suggests the ubiquitous presence of chondroitin sulfate. RR-

positivity of notochordal surface coats is not digested by testicular 

hyaluronidase and is interpreted as heparan sulfate. 

7. Cultured notochordal cells undergo DNA synthesis (as determined 

3 3 
by uptake of H-thymidine) and also rapidly incorporate H-proline. 

Cells produce proline-containing ECM within 48 hours, the extrusion 

of which is inhibited by cis-hydroxyproline. This result accords with 

my enzyme-digestion studies which indicate that notochordal ECM is 

composed partially of collagen. 

8. Radioactive fucose is incorporated by cultured notochordal 

cells and later is extruded to intercellular spaces where it is 
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associated with basal lamina, microfibrils and amorphous materials. 

Since fucose is a specific precursor for glycoproteins, my study shows 

for the first time that extracellular glycoproteins, known to be associ

ated with developing tissues, are produced by notochordal cells. 

9. Notochords cultured in the presence of low doses of BAPN pro

duce increased testicular hyaluronidase-sensitive GAG's (mainly chon-

droitin sulfate) at the surface of growth areas and large unit colla

genous fibrils within the cellular interstices. I interpret this as 

a general stimulation of collagenous and non-collagenous protein 

synthesis by BAPN. 

10. Liquid scintillation studies of radioactive precursor incor-

3 
poration by cultured notochordal cells show that uptake of H-proline 

is stimulated by BAPN and that much of the increased radioactivity can 

be recovered in the notochordal ECM. Paradoxically, glycoprotein 

3 
production, as measured by H-fucose incorporation, is inhibited by 

BAPN. This suggests that BAPN, a known inhibitor of covalent cross-

linking in collagen, also may stimulate protein synthesis, but 

selectively inhibit the metabolic pathways for carbohydrate prosthetic 

groups in glycoprotein biosynthesis. 



LIST OF ABBREVIATIONS 

A Aortae 
BAPN Beta-aminopropionitrile 
BL Basal lamina 
C Mesenchymal cells 
ECM Extracellular matrix 
ECS Extracellular space 
EM Electron microscopy 
EMAR Electron microscopic autoradiography 
GAG Glycosaminoglycan 
IB Interstitial body 
IG Interstitial granule 
LM Light microscopy 
LMAR Light microscopic autoradiography 
M Mesonephric duct 
N Notochord 
NT Neural tube 
RR Ruthenium red 
S Somites 
TSP Connective tissue space 
c collagen fibril 
cis-hydro c is-hydroxyproline 
col-ase collagenase 
ect surface ectoderm 
g golgi zone 
hy-ase testicular hyaluronidase 

IP lipid droplet 
m mitochondrion 
nuc nucleus 
r rough endoplasmic reticulum 
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