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ABSTRACT 

The extracellular matrix (ECM) is a composite of 

heterogeneous macromolecules found in connective tissue 

spaces between parenchymal cell layers. Biochemical and 

morphological analysis of a variety of adult and embryonic 

tissues shows that ECM is composed of collagens, glycos-

aminoglycans, glycoproteins, and basal lamina. This latter 

component may be a structural manifestation of collagens and 

other macromolecules. The role of ECM in normal embryo-

genesis has been investigated. It is known that ECM pro

duced by inducing tissues is important in the cytodiffer-

entiation of other reacting tissues. For example, ECM pro

duced by the embryonic notochord and neural tube induces 

cytodifferentiation of chondrocytes from adjacent somitic 

mesodermal cells. 

Recently, data from several studies indicate that 

ECM is critical to normal cardiovascular development. 

Cardiac jelly of the developing heart has been analyzed 

biochemically and morphologically and consists of collagen, 

basal lamina, glycosaminoglycans, and glycoproteins. More 

importantly, these macromolecules are necessary for differ

entiation of endocardium and myocardium. 

The present study was designed to determine, by 

morphological analysis, the events in embryonic development 

xiii 
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of peripheral blood vessels (vasculogenesis). Furthermore, 

the role of ECM in the processes of vasculogenesis was 

evaluated critically. Extraembryonic vitelline vessels of 

the early chick were chosen for this study. 

Light/ transmission electron, and scanning electron 

microscopy were carried out on developing vitelline blood 

vessels excised from chick embryos (Hamburger Hamilton 

stages 8 through 23). Data obtained in this study show 

that early vitelline blood vessels are composed of two 

distinct epithelial layers, an inner layer of presumptive 

endothelium surrounded by a layer of splanchnopleuric meso

derm. During development, the inner layer gives rise to 

mature vascular endothelium while splanchnopleuric mesoderm 

differentiates into vascular smooth muscle. Ultrastructural 

analysis reveals the presence of collagen and basal lamina 

in the extracellular space between these two layers during 

initiation of endothelial and smooth muscle cytodifferen-

tiation. 

In addition, ruthenium red was employed as a 

histochemical marker for glycosaminoglycans (GAG's) within 

the developing vessel wall. Used in conjunction with 

transmission electron microscopy, ruthenium red-positive 

material is identified on the basal and lumenal surfaces of 

developing vascular endothelium during critical periods of 

endothelial cell differentiation. 
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Finally, semispecific radioactive precursors for ECM 

macromolecules were injected into developing embryos during 

3 3 periods of active ECM production. H-proline, H-D-

3 glucosamine, and H-fucose were employed. Light and 

electron microscopic autoradiography of blood vessels 
3 treated with H-proline, a semispecific precursor for 

collagen, indicates heavy label appearing over endothelium 

and planchnopleuric mesoderm. Radioactive proline label 

also appears over collagen fibrils and basal lamina in the 

extracellular space between these cell types. 

3 H-D-glucosamine, which is semispecific for 

hyaluronate, is incorporated into splanchnic mesoderm and 

endothelium. Radioactive D-glucosamine label appears over 

rough endoplasmic reticulum of both these cell types and 

can be seen associated with coated vesicles containing 

basal lamina material at endothelial cell surfaces. 

Light and electron microscopic autoradiography of 

3 blood vessels injected with H-fucose, a specific precursor 

for glycoproteins, show that both endothelium and splanchno-

pleuric mesoderm sequester this sugar. Furthermore, high 

resolution electron microscopic autoradiographs show 

3 H-fucose appearing over rough endoplasmic reticulum, Golgi 

cisterna, and Golgi vesicles within endothelial walls. 

Radioactive fucose is also associated with basal lamina 

inside a variety of coated vesicles. 
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In light of the autoradiographic data, it seems 

probable that developing endothelium and splanchnopleuric 

mesoderm cells are progenitors of ECM in the developing 

vessel wall during vasculogenesis. It is possible that this 

ECM found in developing vitelline vessels may be functionally 

analogous to cardiac jelly of the developing heart. 

Furthermore, it seems possible that, like the cardiac jelly 

which is necessary for normal endocardial and myocardial 

cytodifferentiation, ECM identified in developing vitelline 

vessels may be essential for normal development of peri

pheral vascular endothelium and smooth muscle. 



INTRODUCTION 

The genesis of our present-day knowledge of cardio

vascular structure and function is deeply rooted in history. 

The vessels communicate with one another and the 
blood flows from one to another. I do not know 
where the commencement is to be found, for in a 
circle you can find neither commencement or end, 
but from the heart the arteries take origin and 
through it gives warmth and life; they are the 
sources of human nature and are like rivers that 
purl through the body and supply the human body 
with life; the heart and vessels are perpetually 
moving, and we may compare the movement of blood 
with courses of rivers returning to their sources 
after a passage through numerous channels 
CCournand, 1964, p. 6). 

The above passage is an excerpt from the treatise 

"On the Localities of Man" in the Hippocratic Corpus 

written in the fifth century B.C. It is a precocious effort 

to describe the circular nature of blood flow. Although 

this fundamental concept was not verified until the 17th 

century, earlier observers such as Herophilus, Erasistratus, 

Galen, Vesalius, Servetus, Cesalpino, and Fabricius 

(.Garrison, 1929) were instrumental in the establishment of 

cardiovascular anatomy and physiology as separate but 

interrelated disciplines. 

"Exercitio Anatomica de Motu Cordis et Sanguinis 

in Animalibus," written by William Harvey in 1628, was a 

synthesis of previous observations of the cardiovascular 

system and is one of the most important works in the history 

1 
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of medicine. In it, Harvey shows experimentally that the 

heart acts as a muscular pump to propel the blood in a 

continuous circle passing from the arteries to veins through 

so-called "pores." In addition, he accurately elucidates 

the pulmonary and systemic circulations for the first time. 

Marcello Malpighi uncovered the missing link in Harvey's 

hypothesis in 1661 by his microscopic observations of 

pulmonary capillaries described in "De Pulmonis Observa-

tiones Anatomicae." These discoveries of Harvey and 

Malpighi endowed future investigators with a fundamental 

understanding of the circulatory system. Their achievements 

were important for at least two reasons: (1) they provided 

a sound framework for the rapid expansion of experimental 

cardiovascular studies; (2) they stimulated early develop

mental anatomists to focus their attentions on growth and 

differentiation of the circulatory system. 

Extraembryonic Vitelline Blood Vessel 
of the Chick Embryo 

The chick embryo has been employed by embryologists 

as a useful model for studying developing systems. Long 

before the emergence of techniques for tissue preservation 

and preparation for microtomy, early microscopists observed 

vascularization patterns in live chick embryos. Blood 

vessels that surround the yolk sac were apparent even with 

the earliest microscopes and consequently were the first 

vessels to be described. These extraembryonic vessels 
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which form the vitelline plexus of blood vessels develop 

outside the embryo proper and function to carry nutrients 

from the yolk sac to the developing embryo. They are 

valuable for developmental studies of the blood vascular 

system because their accessibility permits good preservation 

for both light and electron microscopy. In addition, this 

vascular bed is easily adaptable to in vitro studies since 

the entire embryo and its extraembryonic vasculature can be 

cultured on a variety of artificial media. Numerous en

vironmental factors can be altered. Exogenous compounds 

can be added to the media, injected intraembryonically, or 

applied topically. Such experimental studies can expand 

our understanding of extraembryonic vessel growth. 

Furthermore, new insights into morphological changes that 

occur in altered or diseased states are possible. For 

example, developing embryonic vessels appear to parallel 

closely the vasculogenesis of wound healing without the 

interference of numerous highly differentiated cell types. 

Early Light Microscopic Observations 

Marcello Malpighi first described the developing 

vitelline plexus of vessels (Adelmann, 1966) . In two 

separate dissertations on the developing chick, Malpighi 

noted the presence of blood vessels in the umbilical area 

of the yolk sac at about 24 hours of incubation (Adelmann, 

1966, p. 1106). These early vessels were termed umbilical 
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because the chorioallantoic and vitelline circulations were 

not clearly understood. Malpighi was familiar only with the 

umbilical circulation of the human fetus. Nevertheless, 

Malpighi's illustrations were remarkable for their clarity 

and accuracy. At 24 hours of incubation, developing vessels 

were called "coiled varicose ramifications" and "the humor 

they contained was at times somewhat vitelline in color or 

now and then rubiginous" (Adelmann, 1966, p. 1106). At 36 

hours of incubation, his illustrations showed developing 

vessels which extended from the outer margin of the area 

vasculosa pellucida to the outer margin of the area 

vasculosa opaca and ending in the sinus terminalis. He 

termed this vessel "the outer limbus of the umbilical 

vessels" (Adelmann, 1966, p. 1107). Unfortunately, at this 

stage he mistook the developing omphalomesenteric veins as 

wings. At 40 hours of incubation, he correctly described 

the omphalomesenteric arteries arising from the aorta in 

the middle of the embryo. His illustrations and descrip

tions of the 48 hour embryo showed the termination of the 

sinus terminalis into two anterior vitelline arteries and 

their fusion into a single trunk by 72 hours of incubation. 

In the 60 hour embryo, Malpighi viewed the blastoderm from 

the undersurface and was able to identify omphalomesenteric 

arteries accompanied by veins because blood contained in 

these parallel structures flowed in opposite directions. 

He failed to realize, however, that connections of 
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collateral omphalomesenteric veins were established after 

the formation of arteries. Moreover, he did not identify 

correctly central connections of the omphalomesenteric veins 

with the heart. At 96 hours, he noted the umbilical artery 

was broader than the vein and located ventral to it. Al

though all of Malpighi's drawings of embryos older than five 

days of incubation showed both allantoic and vitelline 

vessels, he did not understand their significance. These 

early observations of vascular development provided adequate 

morphological descriptions for further studies. So preco

cious were his observations that no substantial corrections 

of his work were made for nearly 100 years. 

In 1758 Haller first showed clearly that the primi

tive omphalomesenteric veins were not developing wings al

though, in general, his work contributed little to 

Malpighi's earlier observations (Adelmann, 1966, p. 1129). 

Wolff (1759, 1764) described developing vitelline vessels and 

stated, "They first arise as channels without walls and 

there is a true production of them de novo as is the case 

with all the other parts of the fetus" (Adelmann, 1966, p. 

1130). These data supported the theory of epigenesis 

(development by progressive growth) and was in sharp con

trast to the beliefs of Malpighi and earlier observers who 

believed that all systems were pre-formed. Wolff further 

suggested that vascular channels arose between islands which 

gave rise to their walls ^Adelmann, 1966, p. 1130). 
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After reviewing Wolff's work, Haller CI767) 

ascertained correctly that the allantoic and vitelline 

vessels were independent structures throughout incubation 

and introduced the terms "omphalomesenteric" and "vitellary" 

for the yolk sac vessels. However, he refuted Wolff's 

support of epigenesis and concluded that vitelline vessels 

pre-existed and were gradually caused to fill out and un

fold by fluid pumped into them from the heart (Adelmann, 

1966, p. 1135). 

In his classic work on the development of the 

intestine of the chick, Wolff (1768) rejected the term 

"area umbilica" and suggested "area vasculosa" be used 

instead. He also substituted "vena terminalis" for "outer 

limbus" of the umbilical vein and first described the com

munication of vitelline veins with omphalomesenteric veins 

and their termination in the heart. Unfortunately, he 

failed to recognize the connection of the omphalomesenteric 

artery with the aorta and believed that until the fourth 

day of development all vessels were veins. Apparently, he 

was unaware of Malpighi's description of the "umbilical" 

artery and vein and their opposing directions of blood flow 

CAdelmann, 1966, p. 1139) . 

Although Malpighi had previously observed omphalo

mesenteric and lateral vitelline veins, it was not until 

1773 that Spallanzani correctly described the formation of 

collateral vessels that accompany omphalomesenteric and 
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vitelline arteries. He also showed that these smaller 

vessels formed only after larger arterial trunks had been 

established (Adelmann, 1966, p. 1143). 

' The final synthesis of all previous observations of 

the developing vasculature was made by Pander (1817), who 

has been credited- (Melmann, 1966, p. 1148) with the dis

covery of three distinct germ layers. He suggested that 

vitelline vessels developed in the "Gefassblatt" or the 

vascular membrane (later called mesoderm) and believed that 

this entire middle germ layer was differentiated to form 

blood vessels. He renamed the "vena" terminalis the "sinus" 

terminalis and refuted Wolff's earlier statement that all 

vessels were venous channels until the fourth day of in

cubation. In addition, he supported Spallanzani1s ob

servation that collateral vitelline veins arose following 

the formation of omphalomesenteric or vitelline arterial 

trunks. Thus, Pander's (1817) review provided the first 

complete and accurate description of the early vitelline 

circulation. 

Origins of Angioblastic Tissue 

The earliest primordia of the vitelline vessels 

arise as "blood islands" (Pander, 1817) on the yolk sac. 

Since the yolk sak is derived from endoderm and splanchno-

pleuric mesoderm, these two germ layers could be expected 

to give rise to precursors of developing vessels. Although 
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Pander believed these early vessels developed from the 

middle or mesodermal layer, this theory was not proven until 

very recently (Rosenquist, 1966). Part of the reason for 

such a lengthy controversy stemmed from an argument of 

whether intraembryonic vessels developed "in situ" or 

resulted from ingrowth of a special "angioblastic" tissue. 

Wilhelm His (1868) postulated the angioblastic 

theory of blood vessel development. He contended that a 

precociously developed vascular tissue, the angioblast, 

formed on the yolk sac as a plexus of angular or spindle-

shaped cells in the area opaca. He further postulated that 

this angioblastic tissue grew toward the embryonic axis from 

the yolk sac in a continuous and uninterrupted manner and 

invaded the embryo in the trunk and cardiogenic areas. 

Minot (1912) supported this theory and believed that the 

angioblast was derived from yolk sac endoderm. In contrast, 

Evans 0.912) suggested a mesodermal origin for the angio

blast, but supported His's view that following differentia

tion from mesoderm angioblasts give rise to all embryonic 

and extraembryonic blood vessels. Bremer (1914) modified 

the angioblastic theory and stated that the yolk sac was 

not the only source of angioblasts, but that they could be 

found in the body stalk as well. Nonetheless, he maintained 

that multiple vascular anlage joined and invaded the embryo. 

Bremer (1914) agreed with Evans (1912) that angioblastic 

cords originated from mesoderm. 
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In opposition to His's (1868) proposal of the 

angioblastic theory, several observers suggested that blood 

vessels arose locally and that blood cells and endothelium 

were not necessarily derived from primitive yolk sac angio-

blasts. Most of the proponents of this "in loco" or "in 

situ" theory believed in a mesenchymal origin for blood 

vessels although they were unable to observe the origin of 

the parent mesenchyme. The in loco hypothesis was first 

proposed by Reichert (1862) and Goethe (1874). Thus, the 

early investigators were primarily concerned with the con

troversy regarding the angioblastic versus the in loco 

theories of vascular development; they gave only secondary 

consideration to the germ layer from which these vessels 

originated. 

A second controversy which contributed to the delay 

of germ layer studies of the cardiovascular system was 

stimulated by a renewed interest in developing lymphatic 

vessels. The studies in this area carried out by Sabin 

(1902) led several investigators to focus their attention on 

lymphatic vessel development. They believed that lymphatic 

and vascular endothelium developed in a similar manner, and 

hoped that the angioblastic versus in loco controversy could 

be resolved in studies of lymphatic vessel growth. 

Most early observations of the developing blood 

vascular system were morphological and utilized serial 

sections of paraffin-embedded embryos. The renewed interest 



10 

in the development of lymphatic vessels was stimulated 

primarily by Sabin's (1902) revival of an injection proce

dure, first used by Popoff (.1894) . By this method, she 

attempted to determine the origin of lymphatic vessels and 

reported the subcutaneous injection of india ink into pig 

embryos. Following serial section analysis she postulated 

that main lymphatic channels developed by endothelial 

sprouts from established cervical and inguinal veins and 

spread centrifugally to invade the remainder of the embryo. 

These results supported the angioblastic doctrine, i.e., 

continuous and non-interrupted growth from pre-existing 

vessels. Lewis (1906) utilized a similar injection method 

in rabbit embryos and showed blind ending lymphatic channels 

that did not stain and apparently had no direct contact with 

the main lymphatics. He postulated that these isolated 

lymphatic vessels developed in loco from mesenchyme. 

Huntington and McClure (1907) verified Lewis' study and dis

agreed with Sabin. They objected to the injection method as 

a means of proving the angioblastic theory since a mass 

injected at one point could not enter isolated vesicles 

which may have arisen locally. Studies of developing 

lymphatic vessels, therefore, did not settle the controversy 

regarding vascular development. Although similar injection 

methods were applied to developing blood vessels (Evans, 

1909; Sabin, 1917), these studies also proved inconclusive. 
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McWhorter and Whipple (1912) first carried out in 

vitro studies of early chick blastoderms. They recorded 

photographically the continuous development of chick embryos 

from the 3-4 somite stage up to 17-18 somites. Their ob

servations began a series of conclusive studies which 

finally resolved the angioblastic versus in loco controversy. 

In these studies "isolated spaces" in the undifferentiated 

mesenchyme appeared beneath the ectoderm of the area 

pellucida. All "spaces" became confluent and formed 

channels by the 10 somite stage. The channels formed a 

plexus, the first of which developed in the region of the 

omphalomesenteric veins. With the commencement of blood 

flow, blood passed from these plexuses into the omphalo

mesenteric veins which emptied into the heart. By the 

pumping action of the heart, blood was forced into the 

dorsal aorta and vitelline arteries once again to reach the 

capillary plexus oyer the area vasculosa. 

The controversy ended with a study by Miller and 

McWhorter (1914) who excised the left half of the embryonic 

area opaca from primitive streak embryos prior to the 

appearance of blood islands in the area pellucida. After 

72 hours of in -vitro incubation, they noted a .normal de

velopmental progression of the embryo. Examination of 

paraffin sections shows that intraembryonic vessels on the 

operated side were somewhat small but otherwise normal. 

They concluded that the formation of intra- and 
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extraembryonic blood vessels occur in the same manner. 

Moreover, blood vessels in the embryo proper were not 

derived from extraembryonic vessels but developed in loco 

from undifferentiated mesenchyme. 

Concurrent with the controversy over the angio-

blastic versus in loco theories and the renewed interest in 

developing lymphatics, several German investigators 

attempted to determine the germ layer from which the 

earliest blood vessels arose. Ruckert and Mollier (1906) 

first postulated that early vessels were derived from 

primitive streak mesoderm which proliferated and migrated 

into the area vasculosa. They based their hypothesis on 

their own work and on experimental observations made by Hahn 

in 1906 and published in 1909. Hahn separated the area 

vasculosa pellucida from the posterior portion of the 

primitive streak on one side using a cautery method. He 

found that blood islands developed normally on the un-

cauterized side but did not develop on the side that was 

cauterized. 

Graper (1907) was familiar with Hahn's work from the 

accounts of Ruckert and Mollier (1906). He criticized their 

work and suggested that the developmental processes in the 

posterior portion of the embryo were poorly understood and 

would not yield conclusive results. Rather, he suggested 

that studies should be confined to the anterior portion of 

primitive streak embryos where there was a clear separation 



13 

of germ layers. Using the same cautery methods as Hahn 

(1909), Graper separated the area vasculosa from anterior 

portions of primitive streak embryos. On both the cauter

ized and uncauterized side of these chick blastoderms he 

found isolated blood islands in the anterior portions of the 

area vasculosa. He observed that these isolated blood 

islands were located between ectoderm and endoderm in areas 

that were not yet invaded by mesoderm. He concluded that it 

was highly improbable that these isolated blood islands 

were derived from ectoderm and therefore must be endodermal 

in origin. This erroneous conclusion was reached because 

Graper did not realize primitive streak mesoderm had 

migrated both laterally and anteriorly prior to cautery 

treatment. 

From about 1910 to the late 1930's, the controversy 

over mesodermal versus endodermal origin for early vitelline 

vessels was not satisfactorily resolved. Most investigators, 

however, chose to rely on the earlier results of Ruckert and 

Mollier (1906), and supported a mesodermal origin. 

Jacobson (1938), using a variety of staining tech

niques for glycogen and lipid, noted that epiblast (ecto

derm) cells of the chick appear to decrease in glycogen and 

lipid content as the invaginate through the primitive streak 

to form mesoderm. He used these differences in staining 

affinities for glycogen and lipid to follow migration of 

mesodermal cells from the primitive streak. In addition, 
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india ink was applied to the ventral surface of explanted 

chick embryos prior to the formation of primitive streak. 

In both of these studies, Jacobson observed that mesoderm 

migrated both laterally and anteriorly from the primitive 

streak. He concluded that mesoderm, which first passes 

through the primitive streak, migrates a greater distance 

laterally and develops into blood islands. 

Spratt (1946) applied small pieces of finely-

powdered charcoal to epiblast (ectoderm) of explanted pre-

and early primitive streak chick embryos and observed the 

migration and fate of carbon-labeled epiblast cells as they 

migrated through the primitive streak. He concluded, as had 

Jacobson, that early epiblast cells passed through the 

primitive streak and migrated laterally and anteriorly to 

become localized in the lateral mesoderm of the area 

pellucida where early vessels were formed. 

Although many experiments utilized carbon particles 

and vital dyes (Malan, 1953; Spratt, 1952; Vakaet, 1962; 

Spratt and Hass, 1965) to construct so-called fate maps of 

cells originating in all three germ layers, no new tech

niques were used until the middle 1960's. 

Rosenquist (1966) proposed an accurate method for 

determining the fate of embryonic cell types in all three 

germ layers. He noted that vital dyes readily diffuse from 

one cell layer to another and that carbon particles are 

rarely engulfed by cells; therefore, these methods do not 
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provide permanent cellular markers. Alternatively, he 

3 labeled explanted chick embryos with H-thymidine and trans

planted specific areas of "hot" embryos to the same regions 

of similar stage non-radioactive embryos. He traced their 

morphogenic movement and showed that the tritium label pro

vided a permanent cellular marker for transplanted cells. 

After a given time the transplanted embryo could be sacri

ficed and the fate of the labeled cells determined. 

Utilizing this method/ Rosenquist (1966) produced a classical 

study of cellular movements in the early chick blastoderm. 

He was able to construct precise fate maps for cells in all 

three germ layers at different stages of incubation. As a 

part of this study, he determined precisely that mesoderm 

which gave rise to blood islands in the area opaca vasculosa 

first originated in the epiblast of stage 3+ to 5 embryos, 

passed through the primitive streak, and then migrated 

between ectoderm and endoderm to reach the final destination. 

Electron Microscopic Observations 

A thorough search of the literature shows that there 

have been no scanning electron microscope studies to date, 

and only one transmission electron microscopic study on 

developing vitelline vessels of the early chick embryo has 

been carried out. 

Gonzales-Crussi (1971) analyzed developing vitelline 

vessels removed from the area opaca of chick embryos 



(Hamburger and Hamilton, 1951/ stages 4 through 23) by both 

light and electron microscopy. He observed that between 

stages 4 and 6 the ectoderm was epithelial but devoid of a 

continuous basal lamina. The endoderm was conspicuous due 

to numerous yolk granules with the cytoplasm of these cells. 

At this time, mesodermal cells appeared between the two 

layers. By stage 7, clusters of mesodermal cells were ob

served and suspected to be forerunners of blood islands. 

Intercellular junctions were seen between mesodermal cells. 

Mesodermal cells dorsal to blood islands delaminated into 

somatic and splanchnopleuric layers by stage 8. Peripheral 

cells of the blood islands began to assume sinuous cyto

plasmic projections and between stages 11 to 15 Gonzales-

Crussi noted a two-layered vessel configuration. The inner 

layer was composed of endothelium surrounded by a second 

cell layer which he simply termed mesenchyme. At stage 17, 

he showed that endothelial cells are less electron dense 

than the surrounding mesenchyme, and cilia began to appear 

projecting from the cytoplasm of these cells. Cilia were 

also identified within the endothelial cells by stage 18, 

and by stage 19 fine filaments are observed within mesen

chymal cells. Gonzales-Crussi (1971) further noted that no 

basal lamina or other extracellular materials were present 

in developing vessels until stage 23. At this time, basal 

lamina was found surrounding mesenchymal cells adjacent to 

endothelium. These mesenchymal cells were called "medial" 
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cells owing to their cytoplasmic characteristics which 

resembled smooth muscle. He clearly suggests that changes 

that occurred in vascular development were most likely pro

duced by the onset of cardiac action and the exposure of 

these vascular channels to steadily rising blood pressures. 

Importance of Extracellular Matrix (ECM) in 
the Differentiation of Embryonic Tissues 

The preceding discussion describes the process by 

which cells of the lateral mesoderm differentiate into 

primitive blood islands which in turn give rise to vitelline 

vessels. The underlying factors regulating this differentia

tion, however, are not known. The process by which a rela

tively undifferentiated cluster of mesodermal cells are 

instructed to become specialized cells of the vessel wall is 

a primary topic of the present study. Therefore, it is 

important to review briefly various theories of embryonic 

tissue interactions 

Early Theories of Embryonic 
Tissue Interactions 

The idea that certain embryonic tissues influence 

the differentiation of other embryonic tissues is due 

largely to the classical work of Hans Speman (1938). He 

used heteroplastic^ transplants from amphibian embryos to 

1. A heteroplastic transplant is that which occurs 
between animals of different species but the same genus. 
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investigate presumptive epidermal areas (Speman, 1921). In 

these experiments, presumptive epidermis from Triton 

taeviatus was exchanged with presumptive neural tube area 

from Triton cristatus in the early gastrula stage (Speman, 

1938, p. 132). Since the pigmentation of the two species 

is much different (dark in taeviatus and light in cristatus), 

the transplanted pieces were easily followed as gastrulation 

proceeded. Speman observed that presumptive epidermis from 

T. taeviatus, when transplanted to the neural tube region 
< 

of T. cristatus, developed into neural tube epithelium. 

Likewise, transplanted T. cristatus presumptive neural tube 

area, when transplanted to the epidermal region of T. 

taeviatus, developed into epidermis. It was evident from 

these experiments that the transplanted tissues, in addition 

to having a definite normal fate, (prospective significance) 

were capable of developing differently under proper condi

tions. The ability of the parts of an early embryo to 

develop in more than one way is called prospective potency 

(Balinsky, 1975, p. 199). When Speman (1938) carried out 

similar transplants at the late gastrula or neurula stages 

of embryonic development, presumptive epidermis did not 

develop into neural tube but persisted as epidermal epi

thelium. Likewise, neural tube did not become epidermis but 

developed into neural tube epithelium. From these results, 

it was evident that between the early gastrula and late 

gastrula stages the prospective potencies of presumptive 
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neural tube and epidermis had become fixed. In other words 

the prospective potency of these tissues was equal to their 

prospective significance. The narrowing of the prospective 

potency such that the fate of a presumptive tissue becomes 

fixed is known as determination (Balinsky/ 1975, p. 200. 

Perhaps Speman's most significant work was done in 

collaboration with Hilde Mangold (Speman and Mangold, 1924). 

They discovered that one area of the developing amphibian 

embryo serves as an "organizer" for the central embryonic 

axis. This region was the dorsal lip of the blastopore. It 

consists of a group of cells, the chordamesoderm, which are 

the first to migrate through the blastopore from the 

exterior to the interior of the embryo at the beginning of 

gastrulation. Subsequently, the chordamesoderm gives rise 

to notochord and s.omites (Hay, 1968) . When a piece of 

dorsal lip was transplanted heteroplastically from one early 

gastrula embryo to another, the development of a second 

neural tube in the region of the transplant was observed 

(Speman and Mangold, 1924). Beneath the second neural tube 

a secondary notochord and somites developed from the trans

planted dorsal lip. Following further development, a second 

embryo was observed (.Speman and Mangold, 1924) . They con

cluded that the transplanted chordamesoderm "induced" the 

overlying ectoderm to form a second embryo. It was also 

determined that late gastrula stage embryos were unable to 

respond to the inductive influence of transplanted dorsal 
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lip. The ability of early gastrulae to respond to dorsal 

lip transplants by formation of a second embryo was termed 

competence. 

Holtfreter (1938) discovered that heat-treated 

(coagulated) chordamesoderm was just as effective an inducer 

as labile chordamesoderm in producing secondary embryos in 

competent hosts. Following this disclosure, numerous in

vestigations ensued and it became apparent that almost any 

killed adult or embryonic tissue could induce neurulation in 

competent host embryos. Investigators then turned their 

attentions to the elucidation of a chemical evocator that 

might be responsible for the inductive effect observed with 

killed tissues. The search for such an evocator became 

bewildering when it was discovered that many different com

pounds such as steroids, nucleoproteins, and organic acids 

were effective inducers. Indeed, such simple compounds as 

distilled water, alcohol, and detergents were capable of 

inducing neurulation. Holtfreter (1948) made attempts to 

fit these divergent facts into Speman's theory of embryonic 

"organizers," but failure to identify a specific substance 

resulted in a rapid decline of published studies of 

embryonic inductions. 

Characterization of Inducers by 
Recombination Studies 

From the work of Speman and others, it was apparent 

that several succeeding generations (orders) of induction 
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occurred in the developing embryo. First order inductions 

are those taking place between chordamesoderm and overlying 

ectoderm and result primarily in neural tube formation, 

while secondary and tertiary inductions are those that occur 

between ectoderm, mesoderm, and endoderm and their deriva

tives. Experiments on first order induction had failed to 

pinpoint a specific inducing substance or "evocator." It 

was not until investigators began recombination experiments 

with second-order systems that partial characterization of 

inducing substances was achieved. 

Moscona (1952) discovered a new method for dis

sociating cells and tissues using trypsin and versene. 

Grobstein (1953a) applied this method to separate embryonic 

salivary gland epithelium from its underlying mesenchyme. 

He found that neither epithelium nor mesenchyme, when 

cultured alone, differentiated into salivary gland, but when 

the two tissues were recombined in vitro the epithelium 

produced characteristic salivary gland tubules and acini. 

By a simple modification of these first experiments, 

Grobstein (1953b) placed a cellulose-eater membrane filter 

with pores less than 1 micron in between the salivary epi

thelium and mesenchyme and found that salivary gland 

developed as before. This showed that salivary gland in

duction could occur even when the two tissues were not in 

direct contact with each other. Therefore, Grobstein 

postulated tha these "long distance" cellular inductions 
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probably involved materials present in the extracellular 

matrix (ECM) that could pass between pores of the membrane. 

His speculations were confirmed in recombination experiments 

with embryonic dorsal spinal column and nephrogenic mesen

chyme (Grobstein, 1956). Dorsal spinal column strongly 

induced kidney tubule formation from kidney mesenchyme. 

When these two tissues were separated by a filter, Grobstein 

noted that kidney tubules always developed directly opposite 

the dorsal spinal cord and in contact with a trypsin-

digestible periodic-acid Schiff (PAS-positive) material that 

filled the filter pores. If dorsal spinal cord was labeled 

with radioactive amino acids prior to recombination, radio

active label appeared over the PAS-positive material filling 

the pores (Grobstein, 1959). These results led Grobstein to 

suggest that inductive effects were closely associated with 

protein-rich material secreted by cells into their imme

diate micro-environment. 

Working in vivo, Weiss and Ferris (1954, 1956) and, 

later, Kemp (195 9) observed the formation of an intricate 

orthogonal arrangement of ultrastructurally identifiable 

collagen fibrils (basement lamellae) interposed between 

developing epidermal epithelium and dermal mesenchyme of 

Ambystoma. These studies showed that a highly ordered 

process of collagen fibrillogenesis takes place during base

ment lamellae formation in a 4 ym space between the epi

dermis and dermis. Kemp (1959) showed that sheets of 
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collagen fibrils were stacked on top of each other in an 

orthogonal fashion. He also noted that newly synthesized 

layers seemed to be added adjacent to the basal surface of 

the developing epidermal epithelium. 

The work of Weis and Ferris (1954, 1956) and Kemp 

(1959) strongly suggested that intercellular collagen 

fibrillogenesis may play an important role in induction. In 

1965/ Kallman and Grobstein demonstrated the presence of 

collagen fibers at the basal surface of embryonic mouse 

pancreatic epithelium separated from salivary mesenchyme by 

a millipore filter. They noted that collagen fibers made 

their appearance approximately 48 hours after the tissues 

were combined. More importantly, they labeled salivary 

3 3 gland mesenchyme with H-proline and H-glycine (semi-

specific precursors for collagen) prior to recombination 

with pancreatic epithelium. They observed that radioactive 

label was distributed in a gradient of decreasing concentra

tion across the filter from the mesenchyme to the epithelium 

except for an accumulation at the basal surface of the epi

thelium where collagen fibrils were previously observed. 

Moreover, labeled material was removed when the tissues were 

treated with collagenase prior to fixation. These results 

led Kallman and Grobstein (1965) to postulate that collagen 

produced by the mesenchyme migrated through the pores of the 

filter to aggregate at the epithelial surface. 
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Further studies utilizing collagenase treatment on 

transfilter cultures suggested that collagen is an inducer 

in embryonic epithelial morphogenesis. Collagenase treat

ment of ureteric bud epithelium (Grobstein and Cohen, 1965) , 

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

epithelium (Bernfield and Wessells, 1970), grown trans-

filter from their respective mesenchyme, produced a loss of 

normal branched epithelial morphology and a temporary 

cessation of epithelial morphogenesis. 

Perhaps the best evidence to date supporting the 

hypothesis that collagen is important in embryonic induction 

is the work of Koningsberg and Hauschka (1965). They 

demonstrated that at least small amounts of collagen are 

necessary for normal cytodifferentiation of embryonic 

skeletal myoblasts grown in culture. 

Production of ECM by Non-Mesenchymal Cell Types 

Recombination studies provided substantial evidence 

that collagen may play an important role in embryonic tissue 

induction. Many investigators in the late 1960's believed, 

as Grobstein, that collagen produced by mesenchyme was 

essential to the morphogenesis of various embryonic epi-

thelia (so-called mesenchymal-epithelial inductions). How

ever, in the developing embryo there are specific induc

tions which occur between two epithelial layers such as lens 

induction by ectoderm (termed epthelial-epithelial 
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inductions). There are also epithelial-mesenchymal in

ductions, e.g., cartilage induction by notochord. While 

recombination studies helped to explain mesenchymal-

epithelial induction, it was not until the early 1970's that 

inductive activity in epithelial-epithelial and epithelial-

mesenchymal interactions were demonstrated. During this 

period investigators showed clearly that embryonic epithelia 

(and other non-mesenchymal cell types), in addition to 

embryonic mesenchyme, were capable of producing components 

of the ECM. The work leading to this discovery will be 

described in the following section. 

Early Studies 

Using electron microscopic techniques, Duncan (1957) 

described a "halo" of extracellular connective tissue 

fibrils surrounding the developing chick notochord. 

further suggested that these components of the ECM were 

derived from the notochord. This was the first implication 

that an embryonic epithelium, specifically notochord, may be 

capable of ECM production. Jurand (1962) refuted Duncan's 

work and suggested that the fibrils observed by Duncan were 

actually produced by surrounding mesenchyme and migrated to 

the surface of notochordal epithelium. Hay and Revel (1963) 

supplied the first definitive evidence that embryonic epi

thelia are capable of ECM production. Noting the earlier 

studies of basement lamellae development in Ambystoma (Weiss 
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and Ferris, 1954; Kemp, 1959), they, pointed out that some 

investigators supported a mesenchymal origin for this 

collagenous stroma while others suggested an epidermal 

3 (epithelial) origin. Hay and Revel (1963) injected H-

proline (a semi-specific precursor for collagen) into 

Ambystoma maculatum larvae during the time of limb regenera

tion. They observed that both fibroblasts and epidermal 

3 cells incorporate H-proline within the first two hours 

following injection. During the next two hours, however, 

very little radioactive material was observed in the extra

cellular space adjacent to fibroblasts while most of the 

labeled precursor appeared over the basement lamella 

immediately adjacent to the epidermal epithelium. These 

results suggested that newly synthesized collagen found in 

the basement lamella had its origin in the epidermal epi

thelium and stimulated other investigators to examine 

embryonic epithelium for ECM production. 

Low (1967) examined the early chick blastoderm at 

the time of laying (0 hours incubation) with the trans

mission electron microscope. At this stage the blastoderm 

is composed of two epithelial layers—an epiblast (ectoderm) 

and a hypoblast (endoderm). At the time of laying, a dis

continuous basal lamina was present beneath the epiblast. 

Since no mesenchymal cells were present at this time, this 

ECM probably was produced by its adjacent epithelium. Low 

CI968) observed the eaxly chick notochord was surrounded by 
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connective tissue fibrils similar to those previously seen 

by Duncan (1957) and Jurand (1962). He noted that mesenchyme 

was not present at this time and speculated that the noto-

chord was the most likely source of the ECM. Thus the 

observation of Low, coupled with the experimental results of 

Hay and Revel, gave substantial credence to the hypothesis 

that embryonic epithelia are producers of ECM. 

Recent Observations 

Advancement of techniques for the isolation of 

embryonic epithelia and new methods for tissue culture have 

spurred the development of investigations of embryonic 

tissue interactions in vitro. It is now known that various 

embryonic epithelia including cornea (Dodson and Hay, 19 71), 

neuropithelium (Cohen and Hay, 1971), notochord (Lauscher 

and Carlson, 1975; Linsenmayer, Trelstad, and Gross, 1973), 

and pigmented retina (Newsome and Kenyon, 1973) produce 

biochemically and morphologically identifiable collagen in 

vitro. These results led many investigators (for review see 

Hay, 1973) to speculate that epithelial collagen may repre

sent an "acute factor" in epithelial-epithelial, epithelial-

mesenchymal, and perhaps mesenchymal-epithelial inductions. 

Most recently several investigators (Toole and 

Trelstad, 1971; Meier and Hay, 1973; Manasek et al., 1973; 

Hay and Meier, 1974; Kosher and Lash, 1975) have shown that 

in addition to collagen embryonic epithelia produce another 
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identifiable component of the extracellular matrix termed 

glycosaminoglycans (GAG's). These authors suggest that 

GAG's produced by embryonic epithelia are likely equal in 

importance to collagen as inductive macromolecules. Several 

experimental observations on inductive systems have in

vestigated the role of GAG's in induction and support this 

hypothesis. These studies shall now be described briefly. 

It has been established previously (Holtzer and 

Detwiler, 1953; Strudel, 1953; Lash, Holtzer, and Holtzer, 

1957) that neural tube and notochord induce chondrocyte 

formation in somite sclerolome cells both in vivo and in 

vitro. Recently,'Kosher, Lash, and Minor (1973) showed that 

exogenous GAG's (specifically chondroitin sulfate) stimu

lated cytodifferentiation of sclerotome somite chondro-

genesis in vitro. Somite chondrogenesis is determined by 

increased sulfated GAG production by these cells (Lash, 

Hommes, and Zilliken, 1962; Kuist and Finnegan, 1970) as 

well as synthesis of cartilage type II collagen (Miller and 

Lunde, 1973). Since the notochord is known to produce 

chondroitin sulfate (Kosher and Lash, 1975) it is likely 

that this GAG, at least in part, is responsible for somite 

chondrogenesis. Meier and Hay (1974) have shown also that 

purified chondroitin sulfate stimulates embryonic cornea 

cytodifferentiation in vitro. In addition to inductive 

effects, GAG, specifically hyaluronate and heparin sulfate, 

have been shown to inhibit inductive processes, Toole 
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(1972); Toole, Jackson, and Gross C1972); Vaerwyck and 

Solursh (1973); and Solursh, Vaerwyck, and Reiter (1974) 

have shown that hyaluronate blocks somite chondrogenesis in 

vitro. Likewise, heparin sulfate has been shown by Meier 

and Hay (1974) to inhibit corneal cytodifferentiation (as 

determined by decrease corneal stroma production). These 

results indicate that specific GAG's play an important role 

in regulating embryonic inductive processes. 

Finally, Manasek (1976) has shown that newly 

synthesized glycoproteins associated with basal lamina in 

the developing heart tube during critical periods of myo

cardial cytodifferentiation may also play a role in in

ductive processes. However, since little is known about 

extracellular glycoproteins at this time their role in in

ductive processes awaits further experimentation. 

From the above discussion it is likely that compo

nents of the extracellular matrix (collagen, basal lamina, 

GAG's, glycoproteins) do not act alone in directing events 

during embryonic inductive processes. Moreover, it is 

highly probable that components of the extracellular matrix 

act together in concert to orchestrate events during 

embryonic induction. 

Direct Heterotypic Cell-Cell Contacts in the 
Differentiation of Embryonic Tissue 

The development of theories implicating extra

cellular matrix in embryonic induction has somewhat 
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overshadowed the concept that direct cell-cell contact may 

also be important. Transfilter studies by Grobstein and 

others indicated that direct cell contact was unnecessary 

for embryonic induction. Furthermore, electron microscopic 

observations (.Hay, 1968) show that in almost all epithelial-

epithelial, epithelial-mesenchymal, and mesenchymal-

epithelial inductions, basal lamina (basement membranes) 

separate the interacting tissues. According to Hay (.196 8, 

1973), the only time that heterotypic cell types come in 

direct contact during inductive processes was just prior to 

neural tube formation. At this time, focal gap junctions 

formed between cells of the chordamesoderm and overlying 

neuroectoderm. Therefore, it seemed possible that first 

order inductions may be uniquely mediated by cell contact. 

All second order inductions (Hay, 1968) are separated by 

basal lamina. Hay (1968) shows, however, that during the 

various types of second order inductions, cytoplasmic pro

cesses of reacting cells contact the basal lamina of the 

inducing tissue. On this basis, she postulates (Hay, 197 3) 

that the collagenous component of basal lamina produced by 

the inducing cell may be necessary for induction of the 

reacting tissue. 

A recent study by Slavkin and Bringas (1976) 

established that direct cell contact between heterotypic 

cells occurred in certain second order inductions. This 

investigation showed that just prior to differentiation of 
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enamel epithelium in the developing tooth, the underlying 

mesenchyme breaks through the enamel epithelium basal lamina 

and forms direct cell contact. Cellular contacts during at 

least one type of mesenchymal-epithelial interaction is thus 

firmly established. Whether or not cellular contacts are 

present in epithelial-epithelial or epithelial-mesenchymal 

induction has not been determined. 

While this recent discovery does not negate the role 

of ECM in inductive processes, it does clearly establish 

that direct cell-cell contacts may be an important pathway 

for communication between reacting and inducing cells. 

Future investigations of inductive systems (.both in vivo and 

in vitro) should be interpreted in light of this new finding. 

Methods for Characterization of ECM 

Collagen, GAG's, and basal lamina make up the bulk 

of extracellular matrix materials. Both biochemical and 

morphological methods are available for identification of 

each of these components. In addition, treatment of cells 

with radioactive precursors of ECM permits detection of 

newly synthesized matrix. 

Biochemical Methods for Collagen Analysis 

Collagen molecules consist of three subunits called 

a-chains. At least five types of a-chains have been identi

fied: four varieties of al chains and one variety of a2. 

The different al chains are designated al(I), al(II), 



al(III), al(IV) (Miller and Matukas, 1969; Miller, Epstein, 

and Piez, 1971; Chung and Miller, 1974; Kefalides, 1972). 

Various combinations of al and a2 chains arranged in a 

triple helix result in the following types of tropocollagen 

molecules: Type I chain composition [al(I)]2c2 (Piez, 

Weiss, and Lewis, 1963; Nold, Kang, and Gross, 1970); Type 

II chain composition [aMlI)]^ (Trelstad et al. , 1970); 

Type III chain composition [al(III)]g (Miller et al. , 1971; 

Chung and Miller, 1974); and Type IV chain composition 

[al(IV)]3 (Kefalides, 1971). 

Collagen is generally characterized on the basis of 

a chains present following thermal denaturation of tropo

collagen. Denatured tropocollagen can be fractionated 

according to size, migration on carboxymethyl cellulose 

(CMC), or DEAE cellulose columns, and then analyzed for 

amino acid composition or cyanogen bromide cleavage peptides. 

Size determination is necessary to ensure the 

presence of only a chains and the absence of non-collagenous 

proteins. The size of collagen chains can be evaluated by 

chromatography on a molecular sieve column of appropriate 

pore size in a suitable denaturing solvent [0.1% sodium 

dodecyl sulfate (SDS), 2M LiCl, 1M CaCl2f or 6M Guaidine-

HC1] calibrated by the elution position of polypeptides of 

known molecular weight (Fish, Mann, and Tanford, 196 9). 

Alternatively, chain size can be determined by 
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electrophoresis on acrilamide gels in 0.1% SDS (Weber and 

Osborn, 1969). 

Thermally denatured collagen can also be fractionated 

into component ct-chains by chromatography on carboxymethyl 

cellulose (.CMC chromatography) at pH 4.8 and 42°C by elution 

with linear 0 to 0.1 M NaCl salt gradient (Piez, Weiss, and 

Lewis, I960, 1963; Miller et al., 1971). While this method 

can determine the relative amounts of Type I and Type IV 

collagen, it provides no direct evidence for distinguishing 

Types II and III. 

Step-wise elution of al chains from DEAE-cellulose 

(Trelstad et al., 1972) allows separation of al chains into 

two fractions: al(I) plus al(III) chains eluting at pH 8.3 

and al(II) chains eluting at pH 7.5. Generally, al chains 

are first separated by CMC chromatography and then analyzed 

for specific al chains by DEAE-cellulose. 

Amino acid analysis of isolated a chains may help to 

distinguish different chain types on the basis of distinc

tive amino acid composition. However, this method is not 

reliable because amino acid differences in a chains are 

relatively small (ca. 5-10%) and can easily be misinter

preted. 

Isolated a-chains may also be analyzed on the basis 

of cyanogen bromide (CNBr) cleavage peptides. These 

peptides are fragments of isolated a-chains resulting from 

cleavage at methionine. Because of differences in number 
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and location of methionine residues, each type of a-chain 

has characteristic CNBr peptides. alCHI) chains have been 

distinguished from al (I) chains by this method (Miller et 

al., 1971; Volpin and Veis, 1971, 1973). Likewise, al(II) 

(Miller and Lunde, 1973), al(IV) (Kefalides, 1972), and a2 

(Vuust et al., 1970; Igarashi, Kang, and Gross, 1970) chains 

have also been identified on the basis of cyanogen bromide 

peptides. 

Morphological Determination of Collagen 

Electron microscopic observation of crossbanded 

fibrils that exhibit regular periodicity (ca. 450-640 A) 

confirm the presence of collagen fibrils. Although 

"primary" fibrils with diameters of 40-50 A and micro

fibrils 45-100 A diameters (Low, 1968) are also components 

of the ECM, it is not until fibrils appear unequivocally 

crossbanded that the presence of collagen can be verified 

by morphological methods. 

Biochemical Analysis of 
Glycosaminoglycans (GAG's) 

Glycosaminoglycans (GAG's) are large molecules that 

contain linear polymers of monosaccharides which, with the 

possible exception of hyaluronate, are covalently linked to 

polypeptides. Each macromolecule, therefore, is composed of 

a proteinaceous core to which carbohydrate chains are 

attached. 
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Each GAG has a characteristic chain length and 

molecular weight (MW). Keratin sulfates are smallest with 

MW ranging from 3000 to 6000 Daltons. Chondroitin sulfates 

4 4 range from MW 3 x 10 to 4 x 10 Daltons CTanford et al., 

6 7 1964), and hyaluronate ranges from MW 1 x 10 to 1 x 10 

Daltons (Balazs, 1958). With the exception of hyaluronate, 

ECM GAG's are sulfated. Chondroitin sulfates are sulfated 

on either the 4 or 6 carbons (chondroitin-4-sulfate and 

chondroitin-6-sulfate)r whereas the hexosamine nitro

gens are sulfated in heparin and heparin sulfate. Keratin 

sulfate is covalently linked to the sixth carbon of the 

N-acetyl-D-glycosamine residue. 

GAG's are analyzed by differences in charge/mass 

ratio, differential sensitivity to specific enzymes, and 

the identification of specific disaccharides and mono

saccharides following hydrolysis. They are usually 

liberated from tissue by treatment with pronase or papain 

and can be purified from other components by precipitation 

with ethanol, potassium acetate, cetyl pyridinium chloride 

(.CPC0, or cetyl pyridium bromide (Antonopoulos et al., 

1964). Following precipitation, GAG's can be separated by 

salt elution from DEAE-cellulose (Silbert and Deluca, 1969) 

or by solubilization of CPC precipitates by steps of in

creasing salt concentration (Antonopoulos et al., 1964). 

Different GAG's can also be separated by molecular sieve 



36 

chromatography in accordance with their characteristic 

molecular weight. 

Further characterization of isolated GAG's can be 

accomplished by the use of specific enzymes or nitrous acid. 

Hyaluronate, chondroitin sulfates 4 and 6, and dermatan 

sulfate are digested by testicular hyaluronidase (Yamagata 

et al., 1968), for example, while heparin, heparin sulfate, 

and keratin sulfate are not. Keratin sulfate is the only 

GAG that is not sensitive to enzymatic or nitrous acid 

hydrolysis. Monosaccharides liberated by hydrolysis of 

GAG's can then be identified by paper electrophoresis or 

chromatography (Yamagata et al., 1968; Robinson and 

Dorfman, 1969). 

Morphological Determination of GAG 

At present, no extracellular markers are specific 

for specific GAG's. Nevertheless, several cationic dyes are 

known to bind acid mucopolysaccharides. Such dyes 

visualized by transmission electron microscopy are helpful 

in identifying GAG's associated with cell surfaces and ECM. 

Ruthenium red (RR) is especially useful in this capacity and 

has been shown to bind to cell coats (Luft, 1971a, 1971b) 

and indicate the presence of acidic mucopolysaccharides. 

In addition, RR-positive material is often seen associated 

with embryonic fibrillar collagen (Bernfield, Cohn, and 

Banerjie, 1973) and basal lamina (Martinez-Palomo, 1970). 



Both of these materials are known to be associated with 

GAG's. Alcian blue is also used as a marker for protein 

polysaccharides/ either alone (Shea, 1971) or in combina

tion with RR (Trelstad, Hayashi, and Toole, 1974). 

Biochemical Analysis of Basal Lamina 

Isolation of basal lamina for biochemical analysis 

is technically very difficult and has only been achieved for 

a few adult tissues. Spiro (1967) and Kefalides (1969, 

1973) have used sonication methods to isolate basal lamina 

from kidney glomeruli, anterior lens capsule, cornea, 

pulmonary alveolus, and chorid plexus. Sonication causes 

disruption and fractionation of cellular membranes causing 

cells to lyse. Basal lamina are then separated from cell 

fragments by ultracentrifugation. 

Recently, a new method for isolation of basal lamina 

has been developed using deoxycholate CMeezan et al., 1975). 

Basal lamina has been isolated from lens capsule, kidney 

glomeruli, kidney tubules, retinal vessels, and brain 

vessels. When compared to basal lamina isolated by sonica

tion and centrifugation, basal lamina isolated by deoxy

cholate treatment shows similar amino acid carbohydrate 

composition. However, deoxycholate preparations offer a 

distinct advantage over sonication methods in that deoxy

cholate solubilizes all cellular membranes leaving behind 

only basal lamina. With sonication, cell fragments often 
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contaminate specimens. In addition, electron microscopic 

observations confirm that basal lamina isolated by this 

method is not disrupted and is ultrastructurally pure. 

Biochemical studies have shown that basal lamina is 

composed of at least two carbohydrate-rich protein moieties, 

a collagen and a noncollagenous glycoprotein (Kefalides, 

1969). After pronase digestion, two collagen types have 

been isolated from basal lamina. Type A collagen is acid 

soluble while Type B is acid insoluble. Type B is asso

ciated with noncollagenous glycoproteins (Kefalides, 1969). 

The acid soluble collagen is Type IV with a chain composi

tion [ainv)]^- This collagen type is about four times 

richer in hydroxylysine but considerably lower in glycine, 

proline, and hydroxyproline than Type I isolated from 

tendon (Kefalides, 1973). The noncollagenous component of 

basal lamina contains more glucose, galactose, manose, 

hexosamine, fucose, and salic acid than tendon collagen 

(Kefalides, 1973). From the acid solubilities of collagens 

A and B, Kefalides (1969) has postulated two types of non-

collagen polypeptides rich in carbohydrates. One of these 

is a large molecular weight glycoprotein which interacts 

with a collagen protein and can be cleaved from the collagen 

molecule by pronase. The second is also rich in carbo

hydrate, but binds to the collagen molecule by the forma

tion of covalent bonds and is not pronase sensitive. It is 

thought that the interaction of these noncollagenous 
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glycoproteins with the collagen moiety prevents basal lamina 

collagen from forming fibrils with 640 A periodicity. 

Morphological Characterization of 
Basal Lamina 

Basal laminae underlie all epithelia and surround 

muscle, nerve, and fat. These parenchymal elements are 

therefore separated from the connective tissue space by a 

basal lamina boundary. This boundary is manifested by a 

continuous sheet of electron dense material 500 to 800 A 

thick and exhibits a fine filamentous texture. Basal 

laminae are composed of a central dense area usually 

separated from plasma membranes of parenchymal cell types 

by an electron lucent space. This area is 300 to 400 A in 

width and is called the lamina rara interna. Immediately 

outside the central dense area (lamina densa) and adjacent 

to the tissue space is a zone of fine fibrils termed the 

lamina rara externa. 

Detection of Newly Synthesized ECM Using 
Radioactive Precursors 

In addition to the biochemical and morphological 

methods described above, synthetic analysis of ECM compo

nents can be carried out by determination of radioactive 

precursors incorporated into various macromolecules in the 

ECM. Light microscopic autoradiography (LMAR) and electron 

microscopic autoradiography (EMAR) permit visualization of 

radioactive precursors in cells and the extracellular spaces. 
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In addition, identification of radioactive ECM precursors 

incorporated into newly synthesized ECM can be determined 

by biochemical methods. 

Proline constitutes approximately 30% of the amino 

acid residues found in collagens but only 2-3% of amino 

3 acids found in noncollagenous proteins. Therefore, H-

proline is often used as a marker for collagen synthesis 

(Hay, 1973). Great caution must be exercised in data 

interpretation, however, since proline has also been'found 

in the core protein of chondroitin sulfate and other GAG's 

3 as well as noncollagenous proteins. H-prolme is best used 

in conjunction with proline analogs such as cis-

hydroxvproline or metabolic inhibitors of proline hydroxyla-

tion such as a,a-dipyridyl, both of which inhibit extrusion of 

collagen from the cell. Therefore, these compounds inhibit 

3 incorporated H-proline from reaching the extracellular 

space; large intracellular accumulations of radioactive 

proline are visualized with LMAR and EMAR and very little 

label appears over the extracellular space. Biochemical 

analysis of newly synthesized collagen is carried out by 

incubating the tissue for one hour with Beta-aminopropio-

3 nitrile (BAPN) followed by incubation with H-proline for 

six hours (Levenson, 1969; Peterkofsky, 1972). Following 

extraction of collagenous proteins, newly synthesized col

lagen is quantitated by liquid scintillation-spectrometry. 
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To date, the best radioactive marker indicating the 

35 2-presence of newly synthesized GAG's is SO^ since all 

GAG's (hyaluronate excepted) are sulfated. Papain-digested 

35 2-SO^ -labeled material is characterized by its electro-

phoretic mobility and sensitivity to specific enzymes and 

nitrous acid (Manasek et al., 19 73). In this way, specific 

35 2-sulfated GAG's can be identified. Unfortunately, SC>4 

cannot be used in EMAR to localize intracellular sulfated 

35 2-GAG's. LMAR can be performed, however, and SO^ provides 

a good indication of GAG distribution in cells and extra-

3 cellular spaces. H-D-glycosamine, while not as specific as 

35 2-SO^ , is incorporated into UDP-N-acetylglucosamine and 

UDP-N-acetylgalactosamine. The compounds are precursors of 

hyaluronate and chondroitin sulfates 4 and 6, respectively 

3 (Manasek, 1975b). However, H-glucosamine also labels 

glucuronate and iduronate, thus increasing the potential for 

error when GAG's are analyzed. D-glucosamine has an 

35 2-advantage over SO^ from a morphological point of view 

in that it can be utilized in both LMAR and EMAR to 

establish distribution and possible intracellular localiza

tion of GAG synthesis. 

Identification of newly synthesized basal lamina is 

difficult because there are no known specific radioactive 

precursors for this complex portion of the ECM. However, 

morphological determination of semispecific precursors in

corporated into newly synthesized basal, lamina is possible 
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with EMAR. Since basal lamina is composed of a collagen 

3 (Type IV) (Kefalides/ 197 3), H-proline is used as a semi-

specific precursor for collagen incorporated into basal 

lamina (Nadol and Gibbins, 1970). Glycoproteins have also 

been identified as an important constituent of basal lamina 

3 (Kefalides, 1973; Manasek, 1976). H-fucose is a specific 

precursor for glycoproteins and, therefore, may be used as 

a second semispecific precursor for basal lamina. In 

addition, several investigators (Hay and Meier, 1974; 

Lauscher and Carlson, 1975; Bernfield, Banerjie, and Cohn, 

1972; Trelstad et al., 1974) have shown GAG's associated 

3 with embryonic basal lamina. Therefore, H-D-glucosamine 

also may be used as a possible basal lamina precursor. 

Biochemical analysis of isolated basal lamina also shows 

fucose and glucosamine present in significant quantities 

(Meezan et al., 1975). Whether fucose and glucosamine are 

incorporated into glycoproteins and GAG's prior to basal 

lamina synthesis is not known. 

3 3 3 In summary, H-prolme, H-D-glucosamine, and H-

fucose are potential semispecific precursors for basal 

lamina. When visualized by EMAR, they may be associated 

with newly synthesized basal lamina and could at least 

provide morphological information relating to basal lamina 

synthesis. Biochemical analysis of newly synthesized basal 

lamina is more difficult since most precursors are semi-

specific and newly synthesized basal lamina is nearly 
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impossible isolate. To date, the best method for bio

chemical determination of basal lamina synthesis is the 

incorporation of radioactive proline into Type IV collagen 

at the time of synthesis. Since adult basal lamina is 

synthesized slowly, embryonic systems have proven to be more 

fruitful. Minor et al. (1976) show incorporation of radio

active proline into Type IV collagen at the time of basal 

lamina synthesis in rat parietal yolk sac. Furthermore, 

they demonstrate proline label over newly synthesized 

parietal yolk sac basal lamina by EMAR. 

Role of ECM in the Development of the 
Cardiovascular System 

Many investigators (Thoma, 1893; Hill and Azuma, 

1927; Hughes, 1943; Stephen, 1956; Van Mierop and Bertuch, 

1967; Girard, 1973) have emphasized the importance of hemo

dynamic factors in the differentiation of the cardiovascular 

system. Working primarily with developing chick embryos, 

these investigators concluded that, with the onset of 

cardiac contraction, primitive vessels are subjected to 

pulsatile pressures which eventually organize capillary 

plexuses into larger arterial and venous systems. While 

this may be true for late second and third day chick 

embryos, it is clear from the work of Gonzales-Crussi (1971) 

that the earliest vascular channels are established even 

before the heart begins to beat and are self-differentiated. 

The heart also assumes a complex configuration due to 
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morphogenetic cell movements prior to the onset of circula

tion. 

As previously discussed, the recognition that ECM 

plays an important role in embryonic inductions has led 

investigators to search for and characterize ECM in a 

variety of interacting tissues, but until recently, the role 

of ECM in the earliest stages of cardiovascular development 

has been overlooked. Manasek et al. (1973) and Johnson et 

al. (.1974) , however, have succeeded in characterizing ECM in 

the early heart tube and suggested a possible cole for these 

substances in early cardiogenesis. These results will be 

discussed briefly. 

Production of ECM by the Developing 
Heart Tube 

Manasek (196 8, 1969) demonstrated that the early 

heart tube (stages 9-13) of the chick embryo is composed of 

two epithelial layers derived from pre-cardiac splanchnic 

mesoderm. The innermost layer (endocardium) is a simple 

squamous epithelium separated from the outer myocardial 

layer by intervening extracellular connective tissue 

materials termed cardiac jelly (Davis, 19 24). During early 

stages of cardiogenesis, the heart tube is associated with 

another embryonic epithelium, the endoderm of the ventral 

foregut. No mesenchymal or connective tissue cell types are 

present until the time of endocardial cushion formation. 
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Therefore, it is highly probable that cardiac jelly is pro

duced by surrounding embryonic epithelia. 

Early studies by Johnston and Comar (.1957) showed 

35 2-SO^ • incorporation into cardiac ]elly. Later, Gessner 

and Bostrom C1965) showed that radioactive sulfur incorpora

tion was due to the presence of acid mucopolysaccharides. 

On the basis of enzymatic sensitivity, Manasek and co

workers (1973) identified two species of chondroitin sulfate. 

In addition, he demonstrated the presence of hyaluronic 

3 acid, a non-sulfated GAG, in cardiac jelly by using H-D-

glucosamine as a precursor. Light autoradiographic studies 

(Manasek, 1970? Manasek et al., 1973) utilizing the same 

radioactive precursors show label appearing over endocardium, 

35 2- 3 myocardium, and cardiac jelly. Labeled SO^ and H-D-

glucosamine, however, appear heaviest over myocardium and 

the cardiac jelly immediately adjacent to it. This suggests 

that myocardium is the principal site of GAG synthesis. 

Utilizing biochemical and ultrastructural analysis, 

Johnson et al. (1974) demonstrated the presence of Type I 

collagen in cardiac jelly. Basal lamina was also identified 

in this study along the basal surface of the myocardium, but 

Type IV collagen of basal lamina (Kefalides, 1971) could not 

be isolated biochemically. 

More recently, Manasek (1976) demonstrated the 

3 presence of H-fucose in the developing heart tube 

specifically along the basal surface of the myocardium. 
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These data suggest glycoprotein synthesis associated with 

basal lamina. 

The work of Manasek (1975a) and others (McClain, 

1974) has shown both biochemically and ultrastructurally 

the presence of collagen, GAG's, .and basal lamina in cardiac 

jelly of early embryonic heart. The most frequent aspect of 

these studies is the demonstration of specific macro-

molecules present in cardiac j.elly just prior to and during 

myocardial cell differentiation. Manasek (1975a) noted that 

basal lamina may be particularly important in myocyte dif

ferentiation since a continuous label lamina does not appear 

along the basal surface of the myocardium until just prior 

to myocardial differentiation. This is compatible with the 

work of Koningsberg and Hauschka (1965) who demonstrated 

tha collagen was necessary for cytodifferentiation'of 

embryonic skeletal myoblasts in vitro. It seems reasonable 

to suggest, therefore, that collagen, GAG's, and basal 

lamina found in cardiac jelly may be "active factors" in 

cardiac muscle cytodifferentiation. Similarly, these ECM 

components may play a role in endocardial endothelial dif

ferentiation. 

Analysis of ECM in Developing Vitelline 
Vessels—The Approach Used in the Present Study 

In light of Manasek's (1975a) observations, it seems 

reasonable that ECM macromolecules play an importat role in 

the formation of early vitelline vessels. The observations 
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of Gonzales-Crussi (1971) who showed a conspicuous absence 

of ECM in developing vitelline vessels from stages 15 to 22 

(18 to 96 hours incubation) appear to contradict this 

hypothesis. In addition, he clearly states that basal 

lamina does not appear in the vessel wall until stage 23. 

This reported absence of ECM in vitelline vessels until the 

fourth day of incubation (well afer the onset of circula

tion) indicates that ECM may not be an important factor in 

cytodifferentiation of early vitelline vessels. Before this 

hypothesis can be discarded, however, a more critical 

exploration and analysis of ECM components in early angio-

genesis is necessary. With this objective in mind, the 

present study is presented. 

An attempt was carried out to substantiate the 

earlier results of Gonzales-Crussi (1971) regarding the 

formation of early vitelline vessels from blood islands. 

Vessels taken from chick embryos (stages 7 to 12) were 

observed by light microscopy and scanning electron micro

scopy. In order to confirm the presence or absence of 

connective tissue fibrils and basal lamina in developing 

vessel walls, transmission electron microscopy was employed. 

Following these observational studies, vessel segments were 

removed and treated with ruthenium red (RR) and examined by 

transmission electron microscopy to determine the presence 

of GAG's. 
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Synthetic analysis of the collagen/ GAG's, and basal 

lamina was determined morphologically by injecting embryos 

with radioactive precursors of these ECM components. These 

3 xncluded H-prolme, a semispecific precursor for collagen 

which occurs as fibrils or as a component basal lamina, and 

3 H-D-glucosamine as a semispecific precursor for the glycos-

aminoglycan hyaluronate (Manasek, 1975b). Glucosamine has 

also been detected in isolated preparations of basal lamina. 

3 H-fucose was used as a specific precursor for glycoproteins 

associated with developing basal lamina. Light microscopic 

autoradiography was carried out on developing vessel walls 

of embryos injected with these precursors to determine 

general patterns of distribution of radioactive label within 

developing angiogenic cells. Electron microscopic auto

radiography was utilized to localize sequestered intra-
» 

cellular label and precursors associated with specific 

components of the ECM in intercellular spaces. In light of 

the recent observations by Slavkin and Bringas (.1976) , which 

showed that heterotypic contacts occur during inductive 

processes, a thorough search for such contact was carried 

out by scanning and transmission electron microscopic 

analysis. Finally, it seemed reasonable that positive 

data derived from these studies would form a morphological 

data base for future biochemical analyses of ECM synthesis 

in early vitelline vessels. 



MATERIALS AND METHODS 

Materials 

Tissue Preparation for Light and 
Electron Microscopy 

Fertile hens' eggs of the white leghorn strain were 

purchased from The University of Arizona Poultry Research 

Center. Paraformaldehyde was obtained from Fisher 

Scientific Company (Fairlawn, New Jersey), and glutaralde-

hyde 8% (10 ml ampules) from Polysciences, Incorporated 

(Warrington, Pennsylvania). Cacodylic acid (dimethyl 

arsenic acid) crystilline sodium salt was acquired from 

Sigma Chemical Company (St. Louis, Missouri). The following 

items were purchased from Ladd Research Industries 

(Burlington, Vermont): propylene oxide, dodecanyl succinic 

anhydride (DDSA), tri (dimethyl amino methyl) phenol (DMP-

30), Epon 812, and Araldite 502. Osmic acid with a purity 

of 99.9% was obtained from Stevens Metallurgical Company 

(New York, New York). 

Light Microscopy 

Plate glass strips, 5.5 mm x 25 mm x 400 mm for 

making glass knives, were obtained from LKB Instruments, 

Incorporated (Rockville, Maryland). Glass microscope 

slides, 3" x 1", were acquired from Scientific Products 

49 
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(McGaw Park, Illinois), and toluidine blue from Fisher 

Scientific Company (Fairlawn, New Jersey). Sodium borate 

from J. T. Baker Chemical Company (Phillipsburg, New Jersey). 

Transmission Electron Microscopy (TEM) 

Copper grids (200 mesh) were obtained from E. F. 

Fullam, Incorporated (Schenectady, New York). Lead citrate 

was purchased from BDH Chemicals, Limited (Poole, England), 

and uranyl acetate from Fisher Scientific Company 

(Fairlawn, New Jersey). 

Scanning Electron Microscopy (SEM) 

Dichlorodifluoromethane (Freon R-12) was obtained 

from Racon, Incorporated (Wichita, Kansas). The following 

were purchased from Pelco-Ted Pella Company (Tustin, 

California): beam capsules size 00, silver conducting 

paint, specimen mounting stubs, and carbon rods. Gold wire 

was acquired from Ladd Industries (Burlington, Vermont). 

TEM Histochemistry 

Trypsin (2.5% in modified Hank's Balanced Salt 

Solution without calcium and magnesium) and Hank's Balanced 

Salt Solution (HBSS) were purchased from Flow Laboratories 

(Inglewood, California). Ruthenium red (TEM grade) was 

obtained from Tousimis Research Company (Rockville, 

Maryland) . 



Tissue Preparation for Light and 
Electron Microscopic Autoradiography 

The following were obtained from New England Nuclear 

(Boston, Massachusetts): L-fucose [6-^H] CH^CCHOH)^CHO 10-

15 Ci/m mole Cethanol:water solution 9:1), D-glucosamine 

[6-3H(N)] HOCH2 CCHOH) 3 CH(NH2)CHO-HCL 5-15 Ci/m mole 

(ethanol:water solution 7:3), L-proline [4-^H(N)] NHCH2CH2~ 

CH2CHCOOH 15-30 Ci/m mole (0.01N HCl solution). Hamilton 

0.1 ml microsyringe was obtained from Hamilton Instruments 

(Reno, Nevada). Custom glass tubing (0.47 mm o.d.) was 

obtained from Lawshe Instrument Company (Bethesda, 

Maryland) and polyethylene tubing (0.50 mm o.d.) from Clay-

Adams Division of Becten, Dickinson and Company (Parsippany, 

New Jersey). 

Light Microscopic Autoradiography 

NTB-2 Nuclear Track Emulsion was purchased from 

Eastman Kodak (Rochester, New York). Drierite desiccant 

(CaSO^) was acquired from W. A. Hammond Drierite Company 

(Xenia, Ohio). 

Electron Microscopic Autoradiography 

Parlodian and amyl acetate were obtained from Ladd 

Industries (Burlington, Vermont). Ilford L-4 Nuclear Track 

Emulsion was purchased from Ilford Nuclear Research 

Laboratory (Essex, England). Sodium sulfite was acquired 

from Eastman Kodak (Rochester, New York) and 
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l-phenyl-3-pyrazolidine (phenidon) from K and K Laboratories 

(Hollywood, California). The following were purchased from 

Mallinckrodt Chemical Works (St. Louis, Missouri): 

potassium thiocyanate and sodium thiosulfate. 

Photography 

The following items were obtained from Eastman Kodak 

(Rochester, New York): Dektol Developer, Rapid Fixer, 

Indicator Stop Bath, Photo-Flow-200, HypoClearing Agent, 

Kodabromide paper (8" x 10" sheets, single weight, F-l, 

F-2, F-3, F-4, F-5), electron microscope film, Extapan 

Professional Copy film (4" x 5" sheets), and Panatomic X 

black and white film (35 mm rolls with 36 exposures). 

Polaroid 4" x 5" land film, type PN 55, was purchased from 

the Polaroid Corporation (Cambridge, Massachusetts). 

Methods 

Tissue Preparation for Light and 
Transmission Electron Microscopy 

Fertile hens' eggs were incubated in forced air at 

37°C for 24 to 96 hours at 60% relative humidity. Following 

incubation, eggs were opened into a glass dish containing 

0.9% saline solution. Embryos showing obvious congenital 

malformations were excluded from the study. Healthy, viable 

embryos were excised from the yolk sac by cutting peripheral 

to marginal sinuses with dissecting scissor. Embryos were 

floated onto the saline solution and transparent vitelline 



membranes removed from their dorsal surfaces. Embryos were 

then transferred to 60 mm petri dishes containing 0.9% 

saline and staged under a Bausch and Lomb dissecting micro

scope, according to Hamburger and Hamilton (1951). Saline 

was drawn off with a micropipet and replaced with 10-20 ml 

of Karnovsky's (1965) fixative. Fixation lasted one hour, 

after which small rectangular portions (ca. 2 mm x 5 mm) 

of the area opaca vasculosa were removed and placed in 

small dehydrating vials containing .2 N sodium cocodylate 

buffer. 

Following a five minute rinse in 0.2 M sodium 

cocodylate buffer, all tissues were post-fixed one hour in 

2% OsO^ at room temperature. Tissues were rinsed five 

minutes in 0.144 N sodium cocodylate buffer and dehydrated 

in a graded series of ethanols from 50% to 100%. Three 

changes of propylene oxide (20 minutes each ) were employed 

to serve as intermediate solvent. Infiltration was carried 

out in propylene oxide/Epon-Araldite mixtures (2:1, 1:2, 

respectively) for one hour each and in 100% Epon-Araldite 

for an additional hour. Epon-Araldite was prepared by 

mixing 12.5 ml Epon 812, 10 ml Araldite 502, and 30 ml 

DDSA with 1.5 ml DMP-30. Final embedding in Epon-Araldite 

was carried out in flat embedding tissue molds, and tissue 

blocks were oriented to yield cross sectional areas of 

developing vessels. Following embedment, epoxy blocks were 
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cured overnight at 37°C in a Fischer isotemp oven. Final 

curing was carried out at 60°C for an additional 48 hours. 

Light Microscopy 

Following a 30-minute (minimum) cooling period, each 

cured epoxy block selected for sectioning was trimmed of 

excess plastic with a Personna single-edge razor blade 

cleaned in acetone. Epoxy blocks were trimmed to pyramidal 

block faces and placed in the arm of a Porter-Bloom MT-2 

ultramicrotome. Sections measuring 0.5 to 1 ym in thickness 

were cut with glass knives prepared from plate glass strips 

on a LKB glass knifemaker. Sections were picked up with 

fine forceps and deposited in a drop of water on a clean 

glass slide. The slides were placed on a hot plate to 

facilitate evaporation. Sections were stained with milli-

pore filtered toluidine blue (1% in 1% sodium borate). The 

sections were rinsed thoroughly with deionized distilled 

water, dried, and coverslipped. Thick sections were 

observed and photographed with either a Zeiss Photomicro-

scope II or a Zeiss Ultramicroscope II. 

Whole mounted chick embryo explants were photographed 

on a Zeiss Ultraphotomicroscope II equipped with a luminar 

head and macro stage. Photographs were taken on Polaroid 

type 55 positive negative film. 



Transmission Electron Microscopy (TEM) 

After obtaining thick sections for light micro-

2 scopy, blocks were further trimmed to ca. 0.5 mm and faced. 

Thin sections (silver to light gold interference colors) 

were cut with a 3 mm DuPont diamond knife. Sections were 

mounted on 200 mesh naked copper grids, stained with lead 

citrate (Venable and Coggeshall, 1965) and uranyl acetate 

(5% in absolute ethanol), and examined in a Phillips EM-300 

electron microscope at original magnifications of 3,300-

55,000 diameters. 

Tissue Preparation for Scanning 
Electron Microscopy 

Fertile hens' eggs were incubated 24-96 hours, and 

the resultant embryos excised and fixed in toto as described 

above. Whole embryos were dehydrated in a graded series of 

ethanols ranging from 30% to 100%. Dehydrated embryos were 

submerged in liquid Freon which had been cooled to -195°C 

with liquid nitrogen. The area opaca vasculosa was 

fractured with a cleaned chilled razorblade. Small segments 

containing cross sectional areas of developing vessels were 

dehydrated in 100% acetone after which the tissue samples 

were placed in perforated beam capsules and transferred in 

acetone to the pressure chamber of a critical point drying 

apparatus. Specimen samples were dried in liquid C02 in a 

Sorvall critical point drying bomb and mounted with silver 

paint on aluminum specimen mounts. These were placed in a 
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Denton DV-502 vacuum evaporator and coated with carbon and 

gold. 

Scanning Electron Microscopy (SEM) 

Tissues prepared according to the above method for 

scanning electron microscopy were examined with an ETEC 

Autoscan Scanning Electron Microscope, and micrographs were 

taken with a Polaroid camera using type 55 positive-negative 

film at original magnification 10 0 to 20,000 diameters. 

Transmission Electron Microscopy 
Histochemistry 

The method used for ruthenium red staining is that 

of Luft (1971a, 1971b). In an effort to characterize the 

basal and lumenal surfaces of developing endothelial cells, 

two different stages of developing vessels were treated with 

ruthenium red (Luft, 1971a, 1971b). 

To stain the basal surface of developing endo

thelium, small rectangular regions (2 mm x 5 mm) were 

excised from the area opaca vasculosa of stage 11 chick 

embryos and placed in small tissue wells containing Hank's 

Balanced Salt Solution. Tissue segments then were treated 

with 1% trypsin in HBSS for 40 minutes at 4°C. Segments 

were washed three times in HBSS and fixed 30 minutes on ice 

in Karnovsky's fixative. Following fixation, tissues were 

rinsed three times in 0.2 M sodium cocodylate buffer and 

post-fixed in a solution of osmic acid and ruthenium red 
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for three hours. Tissues were rinsed in 0.2 M sodium 

cocodylate buffer, dehydrated, and embedded for electron 

microscopy. 

In an effort to stain the luminal surface of 

developing vessels, short segments of vitelline vessels were 

excised from stage 16 chick embryos fixed (Karnovsky, 1965) 

30 minutes, post-fixed in osmium-ruthenium red for three 

hours, dehydrated, and prepared for electron microscopy. 

Tissue Preparation for Light and Electron 
Microscopic Autoradiography 

Fertile hens' eggs were incubated 55-72 hours as 

previously described. Developing embryos were excised from 

the yolk sac (see Tissue Preparation for Light and Trans

mission Electron Microscopy) and explanted onto an agar-

albumen medium by the method of Spratt (1947). The 

original procedure was modified to include HBSS in'the 

culture medium. After one hour of incubation, explanted 

embryos were removed and injected with 5-10 yCi of either 

3 3 3 H-prolxne, H-fucose, or H-D-glucosamine. 

3 H-proline (1.0 yCi/ml, specific activity 15-30 

Ci/mole) in 0.1 N HC1 was neutralized with equimolar NaOH. 

This solution (0.1 ml) was added to 0.9 ml of 0.8 M Tris 

buffer to form a 1 ml stock solution that contained 100 
3 3 yCi of H-proline. Stock solutions of H-fucose (1.0 yCi/ml, 

3 specific activity 10 Ci/mole) or H-D-glucosamine (1.0 yCi/ 

ml, specific activity 5-15 Ci/mole) were prepared by adding 
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0.1 ml (100 liCi/mmole) of the precursor to 0.9 ml of 0.8 M 

Tris buffer to provide a 1 ml solution containing 100 yCi 

of the tritium labeled material. Each radioactive precursor 

was injected into a chick embryo by the following procedure: 

Approximately 0.1 ml of stock solution was drawn into a 1.0 

ml Hamilton microsyringe connected to a micropipet via 

polyethylene tubing (0.50 mm o.d.). Micropipets were 

drawn to a fine tip (50-70 p o.d.) from custom glass tubing 

(0.47 mm o.d.) with a Narishige vertical glass puller and 

placed in a Narishige micromanipulator apparatus attached 

to a ringstand. The microsyringe was held by a C-clamp 

attached to the same ring stand 15 cm above the micro

manipulator. Explanted chick embryos then were placed on 

the stage of a dissecting scope so that injection procedures 

could be monitored visually. Micropipets were advanced 

toward the embryonic hearts with the micromanipulator 

apparatus until contact was made. Further advancement pro

duced penetration of the heart wall in the region of the 

developing ventricle. Approximately 0.05-0.10 ml of radio

active material (5-10 yCi) was passed from the microsyringe 

through the polyethylene tubing into the micropipet and 

finally into the ventricle by careful hand injection. 

Successful injections were determined by clearing of blood 

from the heart tube as the solution was introduced. 

Following injection, embryos were returned to the 

370°C incubator for two to twelve hours prior to sacrifice. 



Embryos that failed to develop and maintain a steady heart

beat within one hour of injection were eliminated from the 

study. Embryos were sacrificed by transsecting primary 

branches of major vitelline vessels near their distal 

terminations. The remaining intact vasculature was then 

cleared of radioactive material by reinjection with HBSS. 

Embryos were removed from the agar-albumen medium and rinsed 

five times in HBSS before fixation to ensure that no free 

radioactive precursors were bound by aldehydes in the 

fixative. Following final rinse, each embryo was fixed 

(Karnovsky, 1965) for one hour. During the aldehyde 

fixation, segments of primary vitelline vessels were 

excised, post-fixed in OsO^, and embedded in Epon-Araldite 

by the procedure previously described. 

Light Microscopic Autoradiography 

The procedure employed in the present study was 

that described by Koprina and LeBlond (1962) and modified 

according to Coleman (1965). Specially cleaned slides were 

prepared for light microscopic autoradiography by the 

following procedure: Slides were washed thoroughly in 7X 

detergent, rinsed with running tap water, and finally rinsed 

three times with distilled water. Slides were soaked over

night in 1% HC1 in 95% ethanol and rinsed with tap and 

distilled water. These slides were soaked in 95% ethanol 

for 24 hours, dried, and wrapped in aluminum foil. 
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Sections 0.5 ym thick were cut from Epon-Araldite 

blocks to yield cross sectional areas of vitelline vessels. 

Sections were placed on the specially cleaned slides and 

stained lightly with toluidine blue. Slides were then 

coated with a thick layer of carbon in a Denton DV-502 

vacuum evaporator. These slides were prepared for light 

microscopic observation by the following protocol: A small 

amount (60. ml) of NTB-2 Nuclear Track Emulsion was melted 

in a coplin jar warmed on a Napco water bath (4 0°C). Three 

clean slides were dipped in the undiluted emulsion and 

exposed for three days following development. If the 

observed level of background radioactivity was low, the 

emulsion was used on sectioned material. After coating, all 

sections were covered and placed upright in a wooden rack 

for two hours in the dark to dry. Dried slides were stored 

in plastic slide boxes containing Drierite desiccant. Boxes 

were sealed with black electrical tape and exposed for one 

to three weeks at 4°C before developing. All slides were 

developed two minutes in Dektol followed by stop bath (30 

seconds), and regular fixer (30 minutes) before washing 30 

minutes in tap water. All photographic solutions were 

maintained at 18-20°C. Emulsion was removed from the back 

of the slides with a single edge razor blade, allowed to dry 

for at least one hour, and coverslipped. 
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Electron Microscopic Autoradiography 

Slides cleaned for light microscopic autoradiography 

were scribed with a diamond pencil. Two small crosses were 

etched 2.5 cm from one end and .5 cm from the edge of each 

slide. A small identifying "X" was also placed in one 

corner on the end opposite the crosses. Following this 

inscription, cleaned slides were dipped (scribed end down) 

in a coplin jar containing 2% parlodion in amyl acetate and 

drained briefly. These slides were dried at a 30° angle 

with the scribed side on the under surface after which they 

were stored in plastic slide holders. 

Thin sections of developing vessels treated with 

radioactive materials were picked up from the knife boat 

with a specially fabricated plastic loop. The sections were 

transported in a thin film of water to parlodion-covered 

slides. Sections were then mounted over one of the scribed 

crosses, but on the non-scribed side. Water was drawn from 

the outside of the plastic loop with filter paper, thus 

depositing the sections on the parlodion film. Slides and 

thin sectioned material were stained in a 5% aqueous 

solution of uranyl acetate (at 18-20°C), and rinsed in five 

changes of 50% ethanol. Following two hours of air drying, 

slides were coated with a thick layer of evaporated carbon. 

Slides were coated with Ilford L4 Nuclear Track Emulsion by 

the following method: In total darkness, emulsion was 

diluted in a coplin jar containing water at 40°C (one volume 



of emulsion to five volumes of water). The emulsion was 

melted and stirred gently three times at 20 minute inter

vals. Several blank parlodion coated slides were dipped and 

dried at a 45° angle. These were examined in the light to 

determine coat uniformity and to ascertain the thickness of 

the emulsion over the scribed area, as indicated by inter

ference colors. Thickness of the emulsion was adjusted by 

dilution to yield a purple color over the scribed area of 

the slide. When the emulsion thickness had been adjusted 

properly, parlodion-coated slides and attached thin sections 

were dipped and dried for several hours in total darkness. 

The slides were placed in plastic slide boxes, sealed with 

black electrical tape, and stored in the cold (4°C) one to 

three months. 

The emulsion was developed in a sodium sulfite and 

l-phenyl-3-pyrazolidone solution (phenidon). It was fixed 

in 30% aqueous sodium thiosulfate and rinsed in several 

changes of water (Lettre and Paweletz, 1966). Parlodion 

films were stripped from glass slides by cutting them with 

razor blades at each end and floating the films onto 

distilled water in a large glass pan. Naked copper grids 

(200 mesh) were placed over visible thin sections on the 

parlodion film. Filter paper was used to lift the film and 

grids from the water. The resultant sandwich of filter 

paper, grid, thin sections, and parlodion film was allowed 

to dry. Grids, sections, and parlodion film were cut away 
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from the filter paper and placed in amyl acetate for three 

minutes to dissolve the film. Following this procedure, 

thin sections became attached to the underlying copper grids. 

Photography 

All photographic printing was carried out on a 

Durst S-45 EM enlarger, equipped with point light source. 

Prints were developed in Dektol C2:l), placed 30 seconds in 

Indicator Stop Bath, fixed in Rapid Fix diluted 1:1 with 

water, cleared in Hypoclearing solution, and washed 30 

minutes in running tap water. Prints were glossed in 

Pakosol, dried using a Pakonomy print drier, and 

straightened with Kodak Model G print straightener. 



RESULTS 

Light, Transmission Electron, and Scanning Electron 
Microscopy of Developing Vitelline Blood 

Vessels in the Early Chick Embryo 

The earliest blood vessels of the chick embryo are 

formed from isolated clusters of lateral mesoderm in the 

area opaca vasculosa. These mesodermal aggregates are 

called blood islands. One major objective of the present 

study is to present, in a sequential manner, the develop

ment of primary vitelline blood vessels from these blood 

islands. 

Upon gross examination of the developing chick 

embryo, at the level of stereo light microscopy, isolated 

blood islands can be identified readily in the area opaca 

vasculosa at stages 9 through 11 (Fig. 1 A). These early 

embryos present fusiform shapes during the development of 

neural folds and subsequent primary brain vesicles. 

Somites vary from seven to thirteen pairs depending upon 

the stage of the embryo. The heart is expressed first by 

paired primordial tubes at stage 8. Later, these fuse to 

form a single heart tube. By stage 11, a slight cranial 

flexure is evident and the heart begins to swell and curve 

to the right (Fig. 1 A). At this stage, the beginnings of 

the sinus terminalis delineate the outer limits of the 

developing blastoderm. Stage 12 and 13 embryos are 
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Fig. 1. Light micrographs of developing chick embryos — 
A. Light micrograph of living explanted chick 
embryo Hamburger-Hamilton stage 11 (ca. 40-45 
hr incubation). Isolated blood islands from 
embryos stages 8-11 were taken from the area 
opaca vasculosa similar to that outlined by 
the rectangle. XI2. 

B. Light micrograph of chick embryo at stage 
13 (ca. 50 hr incubation). By this stage, 
isolated endothelial tubes formed from blood 
islands have begun to coalesce with one another 
and establish a primitive vitelline plexus. 
The area bounded by the rectangle represents a 
region where such primitive vessels are 
located. X9. 

C. At stage 15 (ca. 55 hr incubation), large 
primary branches of vitelline vessels have 
developed from the primitive vitelline vascular 
plexus (rectangle). Samples of vitelline 
vessels from embryos stages 15-17 were taken 
from similar regions of the area opaca 
vasculosa. X7. 

D. By stage 18 (ca. 72 hr incubation), primary 
branches of vitelline vessels are well estab
lished. The area outlined by the rectangle 
indicates the region utilized for sampling in 
embryos stages 18 and older in the present 
study. X5. 
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Fig. 1. Light Micrographs of Developing Chick Embryos 
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identified by definite cranial and cervical flexures 

(Fig. 1 B). Somites number sixteen to nineteen and the 

heart is an S-shaped tube. Isolated blood islands begin 

to coalesce by these stages, and a primitive vitelline 

plexus is established (Fig. IB). At stages 14 and 15, a 

right angle marks the cranial flexure between forebrain 

and hindbrain axes. The cranial flexure exhibits a broad 

curvature (Fig. 1 C). Looping of the heart causes the 

ventricle to assume a position ventral to the atrioventricu

lar canal. When circulation begins, major branches of 

vitelline arteries become translucent and can be identified 

easily (Fig. 1 C). In stage 18 embryos, the axis of the 

medulla is at right angles to the trunk at the cervical 

flexure (Fig. 1 D). The trunk flexure shifts from the 

brachial to the lumbar region. Following looping of the 

heart tube, the atrium lies cephalic to the ventricle. 

These three-day-old embryos present a vitelline circulation 

which is firmly established (Fig. 1 D). Large vitelline 

arteries can be seen branching into well-defined capillary 

plexuses near their distal terminations. 

Microscopic observations of tissue samples taken 

from the area opaca vasculosa (Fig. 1 A-D) show that at 

stage 8, isolated clusters of lateral mesoderm are located 

ventral to surface ectoderm which is composed of simple 

squamous epithelium. The clusters are immediately dorsal 

to a pseudostratified layer of cells which comprise the yolk 
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sac encoderm (Fig. 2). Between stages 8 and 9, lateral 

mesoderm splits to form two distinct layers. A somato-

pleuric layer is closely associated with surface ectoderm, 

while a second layer (splanchnopleuric mesoderm) is located 

adjacent to yolk sac endoderm (Pig. 3). The lateral 

mesoderm gives rise to blood islands which develop within 

the splanchnopleuric layer. At this stage, blood islands 

are composed of a central cluster of primitive blood cells 

surrounded by a discontinuous layer of developing 

endothelial cells. These latter cells appear to delaminate 

from the central cell cluster (Pig. 3). Initially, the 

cytoplasm of lateral mesoderm cells stains intensely with 

toluidine blue. Nuclei are condensed and eccentrically 

placed. During the process of differentiation, the 

cytoplasm of these cells becomes lightly stained and nuclei 

are less distinct. 

Transmission electron microscopic observations of 

the area opaca vasculosa of stage 9 embryos show that both 

somatopleuric mesoderm and splanchnopleuric mesoderm are 

epithelial. These layers are characterized by macula 

adherens (desmosomes) between adjacent cells (Fig. 5). 

Although splanchnopleuric mesoderm and developing 

endothelium of blood islands are closely associated, no 

intercellular junctions are seen between these layers at 

this time (Figs. 4, 5). Intercellular junctions are 

present, however, between primitive blood cells prior to 



Fig. 2. Light micrograph of cross section through area 
opaca vasculosa of chick embryo at stage 8 — 
Lateral mesoderm (MES), from which blood islands 
develop, is located between a simple squamous 
layer of ectoderm (ECT) and a pseudostratified 
layer of endoderm (END). X570. 

Fig. 3. Light micrograph of cross section through 
developing blood vessel in area opaca vasculosa 
of chick embryo at stage 9 — The lateral 
mesoderm has differentiated to give rise to 
somatopleuric (SMT) and splanchnopleuric (SPL) 
mesoderm as well as presumptive endothelium 
(.double arrows) and primordial blood cells 
(PBC). The ectoderm (ECT) is closely associated 
with the somatopleuric mesoderm, and the endoderm 
(END) is immediately subjacent to the 
splanchnopleuric mesoderm. X570. 

Fig. 4. Low-powered transmission electron micrograph of 
developing vessel similar to that shown in 
Fig. 3 — Primitive blood vessels are composed 
of an outer layer of splanchnopleuric mesoderm 
(SPL) and an inner layer of presumptive 
endothelial cells (double arrows) which form at 
the periphery of the primordial blood cell 
cluster (PBC). X4,60 0. 

Fig. 5. High-powered transmission electron micrograph of 
rectangular area shown in Fig. 4 demonstrating 
the epithelial nature of the splanchnopleuric 
mesoderm (SPL) — Splanchnopleuric mesodermal 
cells are joined by desmosomes (arrows). 
Endothelial cells (ENDOTH). X30,000. 
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Figs. 2-5. Developing Vitelline Vessels—Stages 8 and 9 
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the onset of circulation. Furthermore, similar junctions 

are seen between developing endothelium and primitive 

blood cells prior to endothelial delamination from part 

of the vessel wall (Fig. 4). 

At stage 10, blood islands differentiate to form 

primitive vitelline vessels. The vessel wall is comprised 

of two distinct cell layers. An inner layer of primitive 

endothelium lines the lumen of the vessel, while a 

continuous layer of splanchnopleuric mesoderm forms an 

outer investing layer of the vessel wall (Fig. 6). 

Transmission electron microscopic observations of stage 11 

embryos confirm these data and demonstrate that, like the 

mesodermal layers, the endothelium is also a primitive 

epithelium. It is separated from the splanchnopleuric 

layer by a narrow extracellular space (Figs. 7, 8). 

Splanchnopleuric mesodermal cells contain long oval nuclei 

and scattered rough endoplasmic reticulum (Figs. 8, 9). 

Developing endothelia contain prominent perinuclear Golgi 

zones and numerous scattered polyribosomes (Fig. 7). 

Scanning electron microscopic (SEM) analysis of 

freeze fractured segments of the area opaca vasculosa yield 

three dimensional impressions of primitive vitelline 

vessels. During tissue preparation, the three germ layers 

appear to separate from each other (Fig. 10 A). Developing 

vessels (stage 11) clearly arise within the mesoderm. 

Primitive blood cells exhibit rounded contours and partially 



Fig. 6. Light micrograph of developing blood vessel from 
the area vasculosa opaca of chick embryo at stage 
10 — The ectoderm and somatopleuric mesoderm 
comprise the somatopleuric membrane (brackets). 
Primordial blood cells (PBC) appear in the lumen 
of the vessel. The vessel wall is composed of an 
inner layer of endothelium and outer layer of 
splanchnopleuric mesoderm. X480. 

Fig. 7. Transmission electron micrograph of developing 
vessel wall similar to that shown in square in 
Fig. 6 — The endothelial cell (ENDOTH) 
delaminating from the primordial blood cell 
cluster (PBC) is separated from the outer 
splanchnopleuric mesoderm (SPL) by an extra
cellular space (ECS). X6,600. 

Fig. 8. Transmission electron micrograph of vessel taken 
from a stage 11 embryo —The splanchnopleuric 
mesoderm (SPL) is a continuous epithelium that 
forms the outermost layer of the primitive vessel 
wall. Junctional complexes appear between 
splanchnopleuric cells (arrow). Developing 
endothelial cells (ENDOTH) assume more flattened 
contours as they spread to the periphery away 
from the primordial blood cells (PBC). X6,250. 

Fig. 9. High-powered transmission electron micrograph of 
the extracellular space (ECS) outlined by 
rectangle in Fig. 8 — Between the splanchnopleuric 
mesoderm (SPL) and developing endothelial cells 
(ENDOTH), numerous microfibrils which measure 
150 A in width (inset) are observed. X16,000. 
Inset X64,000. 



Figs. 6-9. Developing Vitelline Vessels—Stages 10 and 11 
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Fig. 10. Scanning micrographs of developing vessel— 
Stage 11 
A. Low-powered scanning electron micrograph 
shows three dimensional image of developing 
blood vessels in area opaca vasculosa of stage 
11 chick embryo. Blood vessels (BV) in the 
mesoderm (MES) are clearly separated from the 
overlying ectoderm (ECT) and underlying 
endoderm (END). Separation of the three germ 
layers occurs during tissue preparation. 
X300. 

B. A higher-powered scanning electron micro
graph of the vessel shown in Fig. 10-A. The 
developing endothelium (ENDOTH) is a 
flattened layer of cells forming the vessel 
wall. Primordial blood cells (PBC) partially 
fill the vessel lumen. XI,000. 

C. Scanning electron micrograph of area 
shown in rectangle in Fig. 10-B. The 
splanchopleuric mesoderm (SPL) and the 
developing endothelium (ENDOTH) are flattened 
sheets of cells that are separated from each 
other by a narrow extracellular space (ECS). 
X5,600. 
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Fig. 10. Scanning Micrographs of Developing Vitelline 
Vessel—Stage 11 
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fill vessel lumina (Fig. 10 B). The developing endothelium 

and splanchnopleuric mesoderm forming the vessel wall 

appear as flattened sheets of cells. High-powered scanning 

electron micrographs show that the extracellular space 

separating endothelium and splanchnopleuric mesoderm is 

very narrow (Fig. 10 C). SEM of longitudinal sections 

through developing vessels at stage 13 show luminal 

surfaces of developing endothelium (Figs. 11, 12). 

Endothelial surfaces appear studded with large openings 

three to four ym in diameter (Figs. 12, 13). Surface 

ruffles and blebs are seen at endothelial cell borders, 

and these may indicate intercellular junctions between 

adjacent endothelial cells (Fig. 13). Freeze, fractured 

surfaces of endothelial cells demonstrate their smooth 

contours, and where cells are artificially removed, the 

subjacent splanchnopleuric mesoderm is exposed (Fig. 14). 

Basal surfaces of splanchnopleuric mesodermal cells are 

attached to the underlying endoderm by long narrow 

cytoplasmic columns (Fig. 15). 

Between stages 10 and 13, blood begins to circulate, 

and clusters of primitive blood cells are no longer seen 

to fill vessel lumina. Circulating red blood cells are 

nucleated and fusiform in appearance. By stage 15, the 

two-layered epithelial configuration of developing 

vitelline vessels is well established (Fig. 16). 

Cytoplasmic columns similar to those seen by SEM are 



Pig. 11. Scanning electron micrograph of developing 
extraembryonic blood vessel from stage 13 chick 
embryo — The vessel closely approximates the 
underlying endoderm (END). The ectoderm is 
seen at the top of the micrograph. X225. 

Fig. 12. Longitudinal section through a branch of the 
developing vessel pictured in Fig. 11 — An 
endothelial cell (ENDOTH) appears above the 
splanchnopleuric mesoderm (SPL). X900. 

Fig. 13. A high-powered scanning electron micrograph of 
vessel wall shown in Fig. 12 — Large holes 
appear in the endothelium (large arrows). 
Ruffles and blebs indicated by the small 
arrows are assumed to be intercellular 
junctions between endothelial cells. X2,700. 

Fig. 14. Scanning electron micrograph demonstrating 
surface of a developing vessel wall from 
stage 13 chick embryo — The surface of the 
endothelium (ENDOTH) is smooth. A piece of 
the flattened endothelium has been fractured 
away to reveal the closely apposed splanchno
pleuric layer (SPL). X4,500. 

Fig. 15. Low-powered scanning micrograph of vessel 
taken from stage 13 embryo — The splanchno
pleuric mesoderm (SPL) is connected to the 
underlying endoderm (END) by cytoplasmic 
columns (arrows). X300. 



Figs. 11-15. Scanning Electron Micrographs of Developing 
Vitelline Vessels—Stage 13 



Pig. 16. Light micrograph of cross section through two 
primary branches of vitelline vessels from 
chick embryo—stage 15 — By this stage, the 
blood has begun to circulate and the lumen of 
these vessels is free of blood cells. The 
ectoderm (ECT) is a simple squamous 
epithelium underlaid by a layer of somatic 
mesoderm (SMT). The lumen of the vessel is 
lined with a discontinuous layer of endothelium 
(single arrow) outside of which is a layer of 
splanchnopleuric mesoderm (dougle arrows). 
X450. 

Fig. 17. Transmission electron micrograph of vessel wall 
similar to that shown in rectangle in Pig. 16 — 
Processes of endothelial cells (ENDOTH•PRO•) can 
be seen to line the vessel lumen (L). Beneath 
the endothelium, two splanchnopleuric mesodermal 
cells (SPL) form close contacts with each other. 
A well-defined basal lamina (arrows) adjacent 
to the endoderm (END) is clearly visualized. 
X13,000. 



Figs. 16-17. Developing Vitelline Vessels—Stage 15 
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observed between splanchnopleuric mesoderm and endoderm at 

the level of light microscopy (Fig. 16), but I have been 

unable to visualize them with transmission electron 

microscopy (Fig. 17). A continuous basal lamina is 

subjacent to the endoderm and numerous yolk granules are 

found within the cytoplasm of endodermal cells (Fig. 17). 

The developing endothelium which lines vessel lumina at 

this stage is continuous but endothelial cell processes 

overlap in various regions (Fig. 18). Fenestrations closed 
O 

by diaphragms (12-15 A thick) appear in these cell 

processes at about stage 15. Fenestration indicates 

endothelial cell maturation. The cytoplasm of splanchno

pleuric mesodermal cells contains numerous cisternae of 

rough endoplasmic reticulum. The nuclei of these cells 

show a central area of euchromatin with clumps of 

heterchromatin accumulating adjacent to the nuclear 

envelope. By late stage 15, endothelium spreads to form 

a single continuous layer repleat with tight junctions 

(Fig. 19) . 

Coincident with endothelial cell maturation, 

splanchnopleuric mesodermal cells begin cytodifferentiation. 

Cytoplasmic microfilaments which measure 70-80 A in width 

appear within these cells at stage 15 (Fig. 19). These 

microfilaments appear to be isolated at first but with 

subsequent development, aggregate into bundles. The 

diameter of microfilaments increases from 70 to 100 A by 



Fig. 18. Transmission electron micrograph of developing 
vessel wall—-stage 15 -— Cytoplasmic processes 
of two overlapping endothelial cells (ENDOTH-
PRO*) line the lumen of this developing 
vitelline blood vessel taken from a stage 15 
chick embryo. The endoderm (END) and associated 
basal lamina (BL) is seen at the top of the 
micrograph. In the space between the developing 
endothelium and endoderm, a large splanchno-
pleuric mesodermal (SPL) cell is visualized. 
Discontinuous basal lamina material (arrows) 
similar to that adjacent to the endoderm can be 
seen to occupy the extracellular space between 
the developing endothelium and splanchnopleure. 
Prominent fenestration (FENS) are present in the 
endothelial processes giving an indication of 
endothelial cell maturation. X36,500. 
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Fig. 18. Transmission Electron Micrograph of Developing 
Vessel Wall-—Stage 15 
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Fig. 19. Blood vessel wall from stage 15 embryo <— 
Endothelium has spread to a single layer. 
Processes of two endothelial cells (ENDOTH* 
PRO*) join in a tight junction (TJ) adjacent 
to lumen (L). Basal lamina material (BL) 
occupies the extracellular space between 
endothelium and splanchnopleure (SPL). 
Cytoplasmic microfilaments (MICROFL) measuring 
70-80 & in width appear within splanchno-
pleuric cells. X33,000. 

Fig. 20. At stage 16, the configuration of the vessel 
wall appears the same as in Fig. 19 — Portions 
of two splanchnopleuric mesodermal cells (SPL) 
appear to the left with an endothelial cell 
process (ENDOTH*PRO*) lining the lumen (L). At 
this stage, cytoplasmic microfilaments (MICROFL) 
increase in density within the cytoplasm of the 
splanchnopleuric cells. Basal lamina (BL). 
X33,000. 

Fig. 21. Electron micrograph illustrating the wall of a 
developing vitelline vessel from a stage 17 
embryo — An increase in bundles of 70-80 A 
microfilaments (MICROFL) is observed within the 
splanchnopleuric mesoderm (SPL). The lumen (L) 
is lined with developing endothelium (ENDOTH). 
Basal lamina (BL) is seen between the two 
layers of the vessel wall. X27,000. 

Fig. 22. By stage 18, bundles of cytoplasmic microfila
ment (MICROFL) in the splanchnopleuric mesoderm 
(SPL) have increased in density and measure 
ca. 90-100 A in width — Endothelium (ENDOTH), 
basal lamina (J3L) . X27,000. 



Figs. 19^22. Development of Splanchnopleuric Mesoderm— 
Stages 15 through 18 
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stage 18 and bundles of these larger fibrils are reminiscent 

of actin filament aggregates found in smooth muscle 

(Figs. 19-22) . 

Observations of developing vessels taken from stage 

18 embryos show a stereotypic example of simultaneous 

endothelial and splanchnopleuric mesodermal cell differ

entiation (Fig. 25, p. 80). The endothelium lining the 

vessel lumen consists of a single continuous layer of cells. 

Focal tight junctions connect adjacent endothelial cell 

processes (Fig. 25, p. 80). Periendothelial splanchno

pleuric mesoderm is seen adjacent to yolk sac endoderm. The 

cytoplasm of these cells is filled with cisternae of rough 
o 

endoplasmic reticulum and bundles of 100 A microfilaments. 

Cytoplasmic projections of splanchnopleuric cells appear to 

engulf components of the extracellular matrix. These 

projections approximate each other but do not fuse (Fig. 

25, p. 80), 

Although LM, SEM, and TEM observations were carried 

out on developing vitelline vessels up to stage 25, no 

apparent changes in the two-layered configuration of the 

vessel wall are seen. Endothelium lining vessel lumina 

continue to exhibit fenestrae, cell flaps and tight junctions 

characteristic of mature endothelium. At the later stages, 

splanchnopleuric mesoderm shows increases in bundles of 
O 

100 A microfilaments, and desmosomal contacts with adjacent 

splanchnopleuric cells are maintained. 
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Sequential Development of ECM Associated with 
Developing Vitelline Blood Vessels 

TEM studies show that extracellular materials are 

present in developing vessels as early as stage 11. 
O 

Numerous connective tissue fibrils measuring 150 A in width 

are found in the intercellular spaces between developing 

endothelium and splanchnopleuric mesoderm (Figs. 8, 9). 

Fibrils appear unbanded, and close inspection of their 

cross sections demonstrate hollow centers. Basal lamina 

material similar to that subjacent to ectoderm and endoderm 

first appears between endothelium and splanchnopleuric 

mesoderm at stage 15 (Fig. 18). Initially, this material 

is scanty and interrupted, but it increases in density at 

later stages to become more continuous and separated from 

the endothelium by a definitive lamina lucida. Concurrent 

with basal lamina deposition, coated vesicles (ca. 150 A in 

diameter) are found associated with the plasmalemma of both 

endothelial and splanchnopleuric mesodermal cells. These 

vesicles coalesce with the plasma membranes of parent cells 

and appear to release basal lamina-like materials into 

cellular interstices (Figs. 23, 24). By stage 18, basal 

lamina appears dense (Fig. 25) and is separated from 

endothelial and splanchnopleuric cells by a distinguishable 

lamina lucida. In addition, a new component of the extra-
O 

cellular matrix-—150 A microfibrils—is seen at this stage 

(Fig. 26). At stage 19, 250 A microfibrils are present in 



Fig. 23. Endothelial cell process (ENDOTH*PRO•) lining 
lumen (L) and.adjacent splanchnopleuric 
mesodermal cells (SPL) from stage 18 blood vessel 
appear to be releasing basal lamina-like material 
into the intervening extracellular space 
(rectangle) — Endoderm (END). X33,000. 

Fig. 24. Coated vesicles (arrows) in both splanchno
pleuric mesodermal and endothelial cells 
(ENDOTH) appear to coalesce with the plasma 
membrane and release basal lamina-like 
material (BL) into the adjacent space — 
X59,000. 

Fig. 25. Blood vessel from stage 18 chick embryo demon
strates increase in basal lamina material 
(arrows) in extracellular space between 
endothelium and splanchnopleuric mesoderm 
(SPL) — Tight junctions (TJ) join 
cytoplasmic processes of developing endothelial 
cells. Cytoplasm of splanchnopleuric cell 
contains characteristic microfilaments 
(MICROFL). X50,000. 



Figs. 23-25. Basal Lamina Associated with Developing Vessels 



Fig.* 26. High-powered transmission electron micrograph of 
extracellular space between splanchnopleuric 
mesoderm (SPL) and developing endothelium (ENDOTH) 
from blood vessel taken from stage 18 chick 
embryo — Basal lamina (BL) appearing in the 
extracellular space begins to show a micro
fibrillar component (inset). These fibrils 
(small arrows in inset) measure 180-200 A in 
width. X59,000. Inset X150,000. 

Fig. 27. By stage 19, the extracellular space between 
developing endothelium (ENDOTH) and splanchno
pleuric mesoderm (SPL) contains clear-cut 
microfibrils and basal lamina-like material — 
These microfibrils, enlarged in the inset, 
measure 200-220 A in width. X33,000. Inset 
X91,500. 

Fig. 28. Electron micrograph demonstrating an endothelial 
cell (ENDOTH) lining the lumen (L) of a blood 
vessel from an embryo at stage 20 — The 
endothelial cell shows a characteristic 
endothelial cell flap on its luminal surface. 
In the extracellular space between endothelium 
and splanchnopleuric mesoderm (SPL), both cross-
and longitudinal sections of collagen fibrils 
can be identified (arrows). X36,000. 

Fig. 29. High-powered transmission electron micrograph 
demonstrates a collagen fibril (COLL FIB) 
located adjacent to an endothelial cell (ENDOTH) 
and displaying distinct 520 A periods (arrows) — 
X77,000. 
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Figs. 26-29. Developing Vitelline Vessels-—Stages 18 Through 
20 
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the extracellular space between endothelium and splanchno

pleuric mesoderm. 

The first clearly recognizable collagen fibrils are 

seen in the developing vessel wall between splanchnopleuric 

and endothelial cells at stage 20. Both cross and 

longitudinal sections of these fibrils are observed in 

association with basal lamina and other extracellular 

materials (Fig. 28). Diameters of these fibrils are 
O 

variable but average 450-500 A. High-powered transmission 

electron micrographs demonstrate distinct striations in 
O 

these early fibrils with 540 A macroperiods (Fig. 29). 

Differentiated fibroblasts are not present in the 

developing vessel wall during the periods of connective 

tissue histogenesis described above. It is significant 

that components of extracellular connective tissue matrix 

can be demonstrated between two primitive epithelial layers 

prior to the arrival of mature connective tissue cell 

types. More importantly, these extracellular materials are 

observed at the time of endothelial and splanchnopleuric 

mesoderm cell differentiation. 

TEM Histochemistry of Developing Endothelium 
in Vitelline Blood Vessels 

In an attempt to characterize the surface coats of 

developing endothelium at the time of endothelial cell 

differentiation, both lumenal and basal surfaces were 

examined for the presence of glycoaminoglycans (GAG). 
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Attempts were made to isolate developing endothelial cells 

from established vessels (stages 15 through 18) by limited 

trypsinization so that both lumenal and basal surfaces 

could be studied. The enzyme digestion, however, appeared 

to disperse all cellular elements of the vessel wall within 

a few minutes leaving only a mixed cell suspension. It 

was necessary, therefore, to study basal surfaces of 

developing endothelium from isolated blood islands of early 

(stage 11) embryos. Untrypsinized segments of stage 16 

vessels were employed for lumenal surface examination. 

Isolation of blood islands from the area opaca 

vasculosa by limited trypsinization provides access to the 

basal surfaces of developing endothelial cells. During 

this procedure, ectoderm, endoderm, and splanchnopleuric 

mesoderm are removed (Figs. 30, 31). Remaining blood 

islands consist of inner cell clusters of primordial blood 

cells surrounded by developing endothelium. Treatment of 

these tissue samples with ruthenium red during postfixation 

results in a ruthenium red-positive stain on the basal 

surface of the developing endothelium (Fig, 30). Treatment 

of cells with trypsin produces blebing and distortions of 

the plasmalemma such that plasma membranes seen on transmis

sion microscopy appear as fragmented irregular vesicles 

along the cell surfaces. 

Untrypsinized vessel segments from later (stage 16) 

embryos treated with ruthenium red demonstrate the presence 



Fig. 30. A stage 11 embryo following trypsinization and 
treatment with ruthenium red — Limited 
trypsinization separates the blood islands from 
both ectoderm and endoderm and removes the outer 
splanchnopleuric layer. This micrograph 
demonstrates ruthenium red-positive material 
(arrows) on the basal surface of developing 
endothelial cells (DEV-ENDOTH-). X15,500. 

Fig. 31. Low-power transmission electron micrograph 
demonstrating developing blood vessel from a 
stage 11 embryo — This control vessel displays 
an outer layer of splanchnopleuric mesoderm 
(SPL) and inner developing endothelium (DEV-
ENDOTH-) . X9,200. 
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Pigs. 30---31. Basal Surface of Developing 
Ruthenium Red Stain 

Endothelium-— 
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of GAG on the lumenal surface of developing endothelium 

(Figs. 32-35). The presence of tight junctions between 

endothelial cells prevents the passage of ruthenium red 

particles into intercellular spaces between endothelium and 

splanchnopleuric mesoderm in these specimens (Fig. 35). 

Injection of Living Explanted Chick Embryos with 
Radioactive Precursors of ECM 

Data obtained from the histogenesis of developing 

vessels suggested that endothelium, splanchnopleuric 

mesoderm, or both of these layers are capable of basal 

lamina and collagen production. Ruthenium red positive 

material on both basal and lumenal surfaces of developing 

endothelium indicate the presence of acid mucopoly

saccharide, possibly GAG. In an attempt to identify 

possible progenitor cells for these extracellular matrix 

macromolecules, radioactive precursors as described in the 

Introduction were injected into developing embryos. 

Radioactive proline, D-glucosamine and fucose were intro

duced directly through the heart tube of stage 17 chick 

embryos (Fig. 36). Heart rates during the injection pro

cedures ranged from 60 to 180 beats/min. Contact of the 

micropipet with the heart produced indentation of the heart 

wall prior to penetration (Figs. 37 A,B). Penetration of 

the developing ventricle produced a slight hemmorhage 

around the heart, but this diminished rapidly as the heart 

wall closed around the tip of the micropipet. A stream of 



Fig. 32. Transmission electron micrograph of blood vessel 
taken from stage 16 embryo after 2 hr post-
fixation in osmium and ruthenium red — The 
luminal surface of the endothelial cell process 
(ENDOTH) exhibits ruthenium red-positive 
material (arrows). Endoderm (END), splanchno-
pleuric mesoderm (SPL). X9,900. 

Fig. 33. Electron micrograph of a vessel similar to that 
in Fig. 32 after ruthenium red treatment — The 
luminal surface of the endothelium (ENDOTH) 
again displays ruthenium red-positive material. 
X13,000. 

Fig. 34. Transmission electron micrograph of region 
similar to that shown in the square in Fig. 33 — 
Ruthenium red-positive material (arrows) is shown 
on the luminal (L) surface of an endothelial cell 
(ENDOTH) two hr after post-fixation with osmium, 
ruthenium red solution. X91,000. 

Fig. 35. Ruthenium red particles (arrows) appear in the 
lumen and on the luminal surface (L) of two 
endothelial cell processes (ENDOTH) but do not 
appear to be able to penetrate the junctional 
complex (J) to reach the basal surface — 
X63,000. 



Figs. 32-35. Lumenal Surfaces of Developing Endothelium— 
Ruthenium Red Stain 



Pig. 36. Light micrograph of living chick embryo-
stage 17 — Light micrograph of living chick 
embryo explanted onto an agar-albumen medium 
(stage 17). Similar stage embryos were used 
in the autoradiographic study described in the 
text. In these studies, radioactive materials 
were injected into the embryo directly through 
the developing heart tube (rectangle). 
Figure 37 A-D illustrates the injection pro
cedure. XI0. 



Fig. 36. Light Micrograph of Developing Chick Embryo 
Stage 17 



Fig. 37. Illustration of embryo injection technique. 
A. A micropipet (MP) measuring 50-70 y at the 
tip is slowly advanced toward the embryonic 
heart (H). Headfold (HF), vitelline capillary 
plexus (VP). 

B. Contact of the micropipet (MP) with the 
heart (H) in the region of the ventricle 
produces an indentation of the heart wall. 
Headfold (HF), vitelline capillary plexus (VP). 

C. Further advancement of the micropipet (MP) 
results in penetration of the heart (H). A 
successful injection attempt is visually 
monitored by clearing of blood from the heart 
tube as the injected solution enters the 
developing aorta (arrows). Headfold (HF), 
vitelline capillary plexus (VP). 

D. Once the injection is complete, the micro^ 
pipet is gradually withdrawn. Following 
injection, a small defect (arrows) is present 
in the heart (H). This rapidly seals and does 
not appear to inhibit cardiac function. 
Headfold (HF), vitelline capillary plexus 
(VP) . 
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Fig. 37. Technique for Injection of Embryos 
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injected radioactive material passed from the ventricle 

into the truncus arteriosus and out to the paired dorsal 

aorta for distribution to both embryonic and extraembryonic 

blood vessels (Fig. 37 C). A small defect was present in 

the developing ventricle following removal of the micro

pipet, but this rapidly sealed and did not appear to inhibit 

cardiac function (Fig. 37 D). Following injection, embryos 

were reincubated from two to twelve hours before sacrifice. 

Light Microscopic Autoradiography of ECM Precursors 
in Developing Vitelline Blood Vessels 

Pilot light autoradiographic experiments showed very 

little radioactive label incorporated by developing vessels 

during the first two hours following injection. By three 

to five hours, however, all three precursors utilized in 

the present study were detectable, and after six hours the 

amount of label appeared to diminish. Therefore, in final 

experiments, developing vessels were fixed three to four 

hours after injection of radioactive precursors. 

Low-powered light microscopic autoradiographs show 

a heavy label over developing vessel walls three hours 

after proline injection (Figs. 38 A, 39 A). Label over 

these cells is approximately 100 times greater than back

ground. Higher magnifications of these same vessels 

demonstrate their two-layered configuration. Splanchno-

pleuric mesoderm and endothelium show approximately equal 

affinity for proline (Figs. 38 B, 39 B). Developing endoderm 



Fig. 38. Light microscopic autoradiograph of vitelline 
vessels. 
A. Light microscopic autoradiograph of several 
developing blood vessels from a stage 17 chick 
embryo 3 hr after the injection of 10 y Ci of 
H-proline. Lumina (L) of four adjacent vessels 
are shown. Proline label appears heaviest over 
cells which form the vessels' walls (arrows). 
Endodermal cells (END) shown relatively less 
label. There is approximately a 100 fold 
increase in the amount of label appearing over 
cells lining the vessel walls compared to back
ground. Circulating red blood cells (RBC) also 
appear to incorporate the radioactive proline. 
X640. 

B. A high-powered light microscopic autoradio
graph of area shown in rectangle in Fig. 38 A. 
Lumena (L) of each vessel are lined with a 
continuous layer of endothelium (ENDOTH) and 
splanchnopleuric mesoderm (SPL). Both cell 
types exhibit approximately equal affinity for 
the proline label. XI,600. 



3 fig. 38. Light Microscopic Autoradiography of H-Proline 
Injected Vessel 



2 Fig. 39. Vitelline vessels after injection of H-proline. 
A. Light microscopic autoradiograph demonstrat
ing three developing blood vessels from a Stage 
16 chick embryo 3 hr after injection of 10 y Ci 
of ^H-proline. Radioactive proline label 
appears over cells lining the vessel wall at a 
level which is approximately 100 times over 
background. Lumen (L). X960. 

B. High-powered light microscopic autoradiograph 
of area similar to that shown by rectangle in 
Fig, 39 A. 3H-proline is incorporated into 
endothelial (ENDOTH) and splanchnopleuric 
mesodermal cells (SPL) which form the wall of 
primitive blood vessels. In addition, the 
underlying endoderm (END) appears heavily 
labeled. Label appears mostly over cells but 
is also seen over intercellular spaces where 
extracellular matrix materials have been found. 
X2,800. 
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also appears to incorporate proline in significant 

quantities (.Fig. 39 B) . In addition to cellular label, 

radioactive proline is also associated with intercellular 

spaces where collagen and basal lamina are located. 

3 Autoradiographs of H-fucose-treated vessels 

3 exhibit results similar to those obtained with H-proline. 

Label appears associated with endothelium and splanchno-

pleuric mesoderm and is about 25 times higher than back

ground (Figs. 40 A, B). Fucose label appears over nuclei 

and cytoplasm as well as intervening extracellular spaces. 

Endoderm is also labeled, but is only slightly higher than 

background. As with proline, -"H-fucose is distributed 

equally between endothelium and splanchnopleuric mesoderm. 

Tritiated D-glucosamine is also heavily sequestered 

by cells forming early vitelline vessels. Label appears 

heaviest over endothelium and splanchnopleuric mesoderm. 

There is approximately a 50-fold increase in label above 

background in these cell types. Developing red blood cells 

are also heavily labeled, but endoderm is only sparsely 

radioactive (Figs. 41 A-C). Tritiated D-glucosamine 

appears equally distributed between cells and extracellular 

spaces (Fig. 41 C). 



Fig. 40. Vitelline vessel after injection with ^H-fucose. 
A. Light microscopic autoradiograph of a develop
ing vitelline blood vessel from a Stage 16 chick 
embryo 4 hr after injection of 10 y Ci ^H-fucose. 
3H-fucose label is primarily found over cells in 
the vessel walls. There is approximately a ten
fold increase in the amount of label appearing 
over these cells compared to background. Lumen 
(L) . X640. 

B. High-powered light microscopic autoradio
graph demonstrating area similar to that in 
Fig. 40 A. Developing vessel wall is formed by 
two epithelial layers. The inner layer adjacent 
to the lumen is endothelium (ENDOTH) and the 
layer adjacent to the endoderm (END) is 
splanchnopleuric mesoderm (SPL). Both endothelium 
and splanchnopleuric mesoderm appear to take up 
the ^H-fucose label and to have about equal 
affinities for this radioactive precursor. While 
some label does appear over the endoderm, it is 
less than that appearing over the other two 
layers. XI,600. 
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Fig. 40. Light Microscopic Autoradiography of "^HrFucose 
Injected Vessel 



2 Fig. 41. Light microscopic autoradiograph of H-D-
glucosamine injected vessel. 
A. Light microscopic autoradioagraph of a 
developing vessel taken from Stage 17 chick embryo 
3 hr after injection of ^H-D-glucosamine. The 
label appearing over cells is increased approxi
mately 25-fold over background. Endothelium 
(ENDOTH) and splanchnopleuric mesoderm (SPL) are 
labeled most heavily although endoderm (.END) and 
red blood cells appear to incorporate the label. 
XI/040. 

B. Two layers of the developing vessel are 
clearly seen. Endothelium (ENDOTH) and 
splanchnopleuric mesoderm (SPL) appear to have 
approximately equal affinity for the ^H-D-
glucosamine label. Background label in the lumen 
is low. X2,100. 

C. Light microscopic autoradiograph similar to 
Fig. 41 B in demonstrating the incorporation of 
radioactive D-glucosamine into both splanchno
pleuric mesoderm and endothelium. In addition, 
the endoderm (END) appears sparsely labeled. 
Approximately equal amounts of silver grains 
appear over cells and intercellular spaces. 
X2,100. 



Fig. 41. Light Microscopic Autoradiography of '^K-D-
glucosamine Injected Vessel 
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Electron Microscopic Autoradiography of ECM Precursors 
in Developing Vitelline Blood Vessels 

Observations of radioactive precursors by electron 

microscopic autoradiography substantiate light autoradio

graphic results. In addition, labeled precursors are 

identified in association with ultrastructurally 

recognizable extracellular materials. 

Developing vessels from stage 17 embryos show 

radioactive proline label associated with both endothelium 

and splanchnopleuric mesoderm (Figs. 42-44). Virtually no 

background label appears in the vessel lumena. Therefore, 

proline label is confined to the vessel wall and associated 

intercellular spaces where extracellular materials are 

located. Almost no label is found in the extracellular 

space unless associated with extracellular materials 

(Fig. 42). Endothelial cell processes form small pockets 

on their basal surfaces which contain tritiated proline-

labeled basal lamina material (Fig. 43). Identifiable 

collagen fibrils associated with label also can be 

identified in close contact with endothelial cell processes 

(Fig. 44). Intracellular radioactive proline appears over 

nuclei of both endothelium and splanchnopleuric mesoderm. 

3 In addition, H-proline is associated with rough endo

plasmic reticulum in splanchnopleuric cells and perinuclear 

Golgi regions and vesicles in developing endothelium 

(Figs. 42-46). As basal lamina becomes more continuous 



Pig. 42. Low-powered electron microscopic autoradiograph 
demonstrating a portion of a developing stage 17 
chick blood vessel 3 hr after injection of ĥ-
proline — Radioactive label appears over both 
endothelium (ENDOTH) and splanchnopleuric 
mesoderm (SPL) as well as components of the 
extracellular matrix. Very little background 
label is observed in lumena (L) and extra
cellular spaces devoid of matrix material. 
X7,800. 

Fig. 43. High-powered electron microscopic autoradiograph 
of rectangular area shown in Fig. 42 — ̂H-proline 
label is observed over basal lamina-like 
material (arrows) closely associated with 
endothelial cell process (ENDOTH). ^H-proline 
label also appears within the endothelial cell 
cytoplasm. Lumen (L). X2,600. 

Fig. 44. A pocket of extracellular material similar to 
that shown in Fig. 43 — The radioactive proline 
is seen within the endothelial cell process 
(ENDOTH) and over adjacent collagen fibrils 
measuring 250 A in width. Lumen (L). X40,500. 
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3 'Figs. 42^-44. Electron Microscopic Autoradiography of H-
Proline Treated Vessels 



Fig. 45. Low-powered electron microscopic autoradiograph 
of vessel from a stage 19 chick embryo 3 hours 
after injection with H-proline —Label appears 
principally over cell but is also associated 
with components of the extracellular matrix. 
The lumen (L) is virtually free of radioactive 
label. All three cell types, endothelium 
(ENDOTH), splanchnopleuric mesoderm (SPL) and 
endoderm (.END) take up the 3H-proline label. 
X7,800. 

Fig. 46. Electron microscopic autoradiograph of a vessel 
similar to that in Fig. 45 — Endothelium 
(ENDOTH) and splanchnopleuric mesoderm (SPL) 
clearly show incorporation of radioactive 
proline. The area appearing in the rectangle 
and enlarged in the inset demonstrates radioactive 
proline associated with basal lamina (BL) adjacent 
to the endothelial cell surface. Xl2,700. Inset 
X55,000. 
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3 'Figs. 45-46. Electron Microscopic Autoradiography of H-
Proline Injected Vessel 
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and closely associated with endothelial cell surfaces, 

more proline label is found within this structure 

(Pig. 46) . 

Tritiated fucose label is identified within 

endothelium and splanchnopleuric mesodermal cells taken 

from developing vessels of stage 17 embryos (Fig. 47 A). 

High-powered electron microscopic autoradiographs show 

fucose label within the endothelial cell cytoplasm 

predominantly associated with saccules and vesicles of the 

Golgi apparatus (Fig. 47 B). Small to very large coated 

vesicles ranging from 250 to 1500 A contain basal lamina

like material and appear to arise from Golgi regions of 

developing endothelial cells. ^H-fucose found in these 

vesicles is associated with lamina-like materials 

(Fig. 47 B). Cisterna of rough endoplasmic reticulum and 

nuclear regions of splanchnopleuric mesoderm also are 

labeled. 

Following injection with H-D-glucosamine vessels 

show results similar to those obtained with the previous 

precursors. Label appears heaviest over endothelium, 

especially in nuclear and perinuclear regions. Splanchno-

3 pleurxc cells are sxmilarly labeled (Fig. 48). H-D-

glucosamine is associated with basal lamina adjacent to the 

basal surface of developing endothelium. 

Vesicles containing basal lamina material similar 

to those observed in fucose experiments are found within 



3 Pig. 47. Electron microscopic autoradiograph of H-
fucose injected vessel. 
A. Electron microscopic autoradiograph showing 
the vessel wall of a stage 17 embryo 3 hr after 
injection of 3H-fucose. Both endothelium 
(ENDOTH) and splanchnopleuric mesoderm (SPL) 
incorporate radioactive fucose. X15,500. 

B. High-powered electron microscopic 
autoradiograph of vessel wall in Fig. 47 A. 
3H-fucose label appears over the Golgi 
Apparatus (G) within the cytoplasm of the 
developing endothelium. Fucose label is also 
found to appear within cytoplasmic vesicles 
which contain basal lamina-like material (inset). 
Fucose label also appears over the nucleus and 
endoplasmic reticulum (ER) of the splanchno
pleuric mesoderm. X25,500. Inset X71,000. 
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Fig. 47. Electron Microscopic Autoradiography of Vitelline 
Vessel After ^H-Fucose injection 



Fig. 4 8. Micrograph of blood vessel from a stage 16 embryo 
3 hr after ^H-D-glucosamine injection — Both 
the splanchnopleure (SPL) and endothelium 
(ENDOTH) appear to incorporate the radioactive 
precursor. The lumen (L) is virtually free of 
background label. Label also appears in 
association with basal lamina (BL) adjacent to 
the developing endothelium as seen enlarged in 
inset. X10,500. Inset X54,000. 

Pig. 49. Electron microscopic autoradiograph of vessel 
wall after 3H-D-glucosamine injection — The 
endothelial cell process (ENDOTH) is associated 
with basal lamina-like material (arrows). 
Splanchnopleuric mesoderm (SPL), lumen (L). 
X15,500. 

Pig. 50. Basal lamina (BL)-like material associated with 
coated vesicle (arrows) in extracellular space 
adjacent to developing endothelial cell 
(ENDOTH) — 3jj_D_giucosamine label appears over 
the vesicle and suggests a possible polysaccharide 
component of the vesicle contents. X42,000. 
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Figs. 48-50. Electron Microscopic Autoradiography of H-
D-glucosamine Injected Vessels 
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cytoplasmic processes of developing endothelial cells 

treated with H-D-glucosamme (Fig. 49) . These vesicles 

and associated lamina-like material are labeled. Fre

quently, vesicles seem to coalesce with endothelial cell 

plasma membranes adjacent to basal lamina materials (Fig. 

50). Tritiated D-glucosamine appears associated with these 

coalescing vesicles and suggests that they may contain 

hexosamines. 



DISCUSSION 

Light, Transmission Electron, and Scanning Electron 
Microscopy of Developing Vitelline Blood 

Vessels in the Early Chick Embryo 

Light microscopic observations shown in the present 

study indicate vitelline vessels arise within the 

splanchnopleuric mesoderm of the area opaca vasculosa 

between stages 8 and 9 (Figs. 2 and 3). These early 

vessels are termed "blood islands" and form when lateral 

plate mesoderm differentiates into somatopleuric and 

splanchnopleuric layers. Clusters of undifferentiated 

lateral plate mesoderm are trapped within the splanchno

pleuric layer during this process and blood islands are 

derived from these cell clusters. The present study shows 

that vascular endothelium and primitive blood cells differ

entiate from blood islands while the splanchnopleuric 

mesoderm appears to give rise to vascular smooth muscle 

(Figs. 7, 8, 19-221. These observations tend to agree in 

general with those of Gonzales-Crussi C1971J. Several note

worthy discrepancies exist, however, between the two 

studies. Gonzales-Crussi suggests that blood islands 

exist prior to the formation of two layers from lateral 

mesoderm. He notes that it is the lateral mesoderm dorsal 

to blood islands at stage 8 which differentiates into 

somatopleuric and splanchnopleuric layer. This 

103 
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interpretation suggests that blood islands do not develop 

within splanchnopleuric mesoderm but are established prior 

to its formation. This is in disagreement with my 

interpretation that blood islands develop within the 

splanchnopleuric mesoderm following its formation. Light 

Light micrographs of stage 10 blood vessels (Fig. 6) 

clearly show that the vascular endothelium, which has 

migrated from the central cell cluster, is surrounded by 

splanchnopleuric mesoderm. These data appear then to 

support my hypothesis. Transmission electron micrographs 

of stage 11 vessels (Figs. 8 and 9} also indicate that the 

vessel wall exhibit's a two-layered configuration. 

Gonzales-Crussi (1971) does not recognize this conforma

tion until stage 15. He also implies that the two layered 

structure is transient since further vessel development is 

marked by condensations of surrounding mesenchyme to form 

additional layers. This is in conflict with my observations 

which show that beginning at stage 10 both endothelium and 

splanchnopleuric mesoderm are primitive embryonic epithelia 

and that this two-layered epithelial configuration persists 

until stage 23 when additional layers are observed. 

Transmission micrographs of Gonzales-Crussi indicate 

the presence of cilia and microfilaments within the 

cytoplasm of splanchnopleuric cells at stage 18 and cilia 

within endothelium at stage 19. He suggests that cilia may 

be an intracellular marker for the cytodifferentiation of 
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splanchnopleuric cells to form vascular smooth muscle and 

may also indicate endothelial cell maturation. No cilia 

were observed in the present study in either layer during 

the stages investigated. Furthermore, cytodifferentiation 

appeared to occur in both endothelial and splanchnopleuric 

layers much earlier than stages 18 and 19. Cytoplasmic 

microfilaments (70-80 A in diameter) are observed within 

splanchnopleuric cells as early as stage 15 (Fig. 19). By 

stage 18 (Fig. 22) large bundles of 100 A microfilaments can 

be identified which clearly indicate vascular smooth 

muscle formation. Likewise, endothelial cell differentia

tion appears to begin at a similar time. Endothelial 
O 

cell fenestrae closed by 12-15 A diaphrams are seen at 

stage 15 (Fig. 18) and by stage 16 (Fig. 19) , tight 

junctions and endothelial cell flaps indicative of mature 

vascular endothelium (Fawcett, 1963) are observed. 

Scanning electron micrographs in this study support 

the light and transmission microscopic observations which 

indicate that two layers are present in the vessel wall. 

Surface topography of stage 11 vessels demonstrate that 

endothelial and splanchnopleuric layers are continuous 

sheets of cells separated by a narrow intercellular space 

(Fig. 10).. Cell surfaces of both layers appear smooth 

but occasional ruffles and blebs are observed during this 

stage. Large openings in the lumenal surface of endothelial 

cells at stage 13 (Fig- 13) are too wide to represent 
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fenestrae and most likely indicate areas where the develop

ing endothelium is not yet continuous. Cytoplasmic columns 

extend between splanchnopleuric mesoderm and endoderm at a 

stage just prior to splanchnopleuric cell cytodifferentia-

tion (Fig. 15). These columns represent the first evidence 

of cellular contact between heterotypic cell types in my 
r 

system. Since a continuous basal lamina is seen adjacent 

to the endoderm at this time (by TEM) it is necessary for 

the columns to pierce the basal lamina in order to establish 

cytoplasmic contact. Although evidence for similar 

cytoplasmic columns can be observed in light micrographs 

between splanchnopleuric cells and endoderm in stage 15 

vessels (Fig. 18), I have no TEM data to support this 

finding. Slavkin and Bringas (1976) have suggested that 

heterotypic cell contacts may be important in embryonic 

inductive mechanisms. It is possible that the direct 

cellular interactions between splanchnopleuric mesoderm 

and endoderm observed here may represent a critical event 

in the induction of splanchnopleuric cytodifferentiation. 

Sequential Development of ECM Associated with 
Developing Vitelline Vessels 

The present study verifies the presence of ECM 

components in developing vitelline vessels. More signifi

cantly, the composition of the matrix changes in a sequen

tial manner, and these changes can be correlated temporally 
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with specific events in cytodifferentiation of endothelial 

and vascular smooth muscle cells. In addition, the ultra-

structural analysis of developing vessels has identified 

a possible mechanism of ECM secretion from cells of the 

vessel wall. 

The earliest ECM components found in the developing 

vessel wall appear at stage 11 (Fig. 9). This material is 

manifested as 150 A diameter connective tissue fibrils 

which appear follow in cross-section. These fibrils are 

identified in the extracellular space between splanchno-

pleuric mesoderm and endothelium at the time when presump

tive endothelial cells are delaminated from central cell 

clusters of blood islands. They are not present prior to 

this time and do not appear at later stages except in 

association with basal lamina and collagen fibrils. 

A scanty, discontinuous basal lamina is observed 

outside developing endothelium in early stage 15 vessels 

(Fig, 181, This coincides with the cytodifferentiation of 

endothelial and splanchnopleuric cells. Cytoplasmic micro

filaments appear within splanchnopleuric cells at this time 

and as basal lamina becomes more continuous microfilaments 

become more prominent. The lamina densa of basal laminae 

observed in stage 18 vessels is separated from both endo

thelium and splanchnopleuric mesoderm by lamina lucida and 

exhibits a recognizable microfibrilar component (Figs, 25 

and 251, Both of these features are characteristic of 
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mature lamina (Low, 1967). Coated vesicles appear to 

coalesce with plasma membranes. These are frequently 

associated with lamina-like material and are observed in 

both endothelial and splanchnopleuric mesodermal cells 

(Figs. 23 and 24). Similar vesicles have also been identi

fied in the Golgi region of these cell types and probably 

indicate intracellular transport phenomena. Their close 

contact with plasma membranes and association with lamina

like material suggests that they may foe involved in the 

transport and deposition of newly synthesized basal lamina 

from the cytoplasm to the extracellular space. Trelstad 

C1975) has postulated a similar mechanism for the transport 

of collagen associated with basal lamina in corneal 

epithelium. 

The presence of ultrastructurally recognizable 

collagen (Figs. 28 and 29) developing within vessel walls 

is significant since it has been shown (Koningsberg and 

Hauschka, 19 65) that at least small amounts of collagen are 

necessary for normal cytodifferentiation of skeletal 

myoblasts in vitro. It seems reasonable to suggest that 

fibrillar collagen located between endothelium and 

splanchnopleuric mesoderm in the present may play a 

similar role in smooth muscle differentiation. It is 

possible that basal lamina collagen may serve a similar 

function in developing systems. 
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TEM Histochemistry of Developing Endothelium 
in Vitelline Vessels 

In addition to microfibrils, basal lamina and 

collagen fibrils ruthenium red-positive material on both 

luminal (Figs. 32-35) and basal (Fig. 30) surfaces of 

developing endothelial cells suggests the presence of GAG's 

(Luft, 1971a, 1971b). Treatment of early stage 11 vessels 

with limited trypsin digestion permits the isolation of 

developing blood islands within the splanchnopleuric layer 

but does not remove the surface associated GAG's which are 

normally trypsin digestible. In this manner, GAG's were 

identified on the basal surface of presumptive endothelial 

cells just prior to their delamination from blood islands. 

Localization of ruthenium-red positive material on the 

lumenal surfaces of endothelium from stage 16 vessels 

demonstrate the persistence of GAG's at later stages of 

endothelial cell differentiation. The presence of GAG's 

in the developing vascular ECM is significant since these 

macromolecules are known to be produced by a number of 

embryonic epithelia (Meier and Hay, 1974; Manasek et al., 

1973; Lauscher and Carlson, 1975) and are thought to be 

important in inductive processes. 

Light Microscopic Autoradiography and Electron Microscopic 
Autoradiography of ECM Precursors in Developing 

Vitelline Vessels 

Recently, Manasek C1975b) has biochemically charac

terized newly synthesized ECM in the area opaca of early 
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chick embryos. He determined that between stages 8+-10+, 

Type I and Type IV collagens are present in significant 

quantities. These data are consistent with the observations 

made in this study. During stages 8+-10+ lateral mesoderm 

splits into somatopleuric and splanchnopleuric layers and 

blood islands develop and differentiate within the 

splanchnopleuric layer. Therefore, it is possible that 

Type IV collagen could be isolated from the area opaca at 

these stages since both ectoderm and endoderm are underlain 

by continuous basal lamina. At this stage, the presence of 

Type I collagen in area opaca is an unexpected finding 

since the present studies show no unequivocal collagen ' 

fibrils in the vascular ECM. It is possible, however, 

that the unbanded connective fibrils observed between 

presumptive endothelial cells, during endothelial cell 

delamination, are collagenous. 

The light and electron microscopic autoradiographic 

3 observations of H^-proline treated vessels cannot be 

correlated directly with Manasek's (19.75bl_ biochemical 

determinations since embryos in the present study were 

injected at much later stages. Nevertheless, the distribu

tion of proline label over cells and ECM materials forming 

the vessel wall indicates that collagen and basal lamina 

may be synthesized by these cells. Light microscopic 

3 autoradiography shows H-proline uptake in splanchnopleuric 
o 

mesoderm, endothelium, and endoderm (Fig. 39). H-proline 
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uptake by endodermal cells is expected since a continuous 

basal lamina is observed beneath this cell layer prior to 

any mesodermal invasion (Gonzales-Crussi, 1971). This 

suggests that endodermal cells may synthesize their own 

basal lamina, which could contain a Type IV collagen moiety. 

Uptake of radioactive proline by splanchnopleuric mesoderm 

and endothelium shown in the present study is a significant 

new finding. Electron microscopic autoradiography clearly 

shows these tissues incorporate the label (Fig. 42). In 

addition, silver grains are found over both basal lamina 

and collagen fibrils (Figs. 43-44) in the extracellular 

space between epithelial cell layers. This could suggest 

that basal lamina and collagen are synthesized. This is 

consistent with the work of Ross and Klebanoff (1971) who 

demonstrated that smooth muscle synthesizes collagen and 

other ECM components in vivo. Electron microscopic data 

shown in the present study indicates that splanchnopleuric 

mesoderm (stages 15-18) differentiates to form early smooth 

myoblasts. It is not unlikely that these cells should 

synthesize and secrete collagen fibrils and basal lamina. 

Until recently (Manasek, 1975a), neither adult nor 

embryonic endothelial cells have been shown to be directly 

associated with. ECM production. Several authors (Fawcett, 

1959.; Ashton, 1964; Shakib and de Oliveira, 1966) have 

suggested from morphological observations that adult 

endothelia are capable of basal lamina production in areas 
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such as kidney glomeruli or lung alveoli where capillary 

endothelium is only separated from the adjacent epithelial 

layer by a rather thick basal lamina. Data presented here 

show that embryonic endothelia sequester proline label and 

that pockets of proline containing basal lamina and collagen 

fibrils are closely associated with endothelial cell 

processes (Figs. 43-44). This suggests that endothelial 

cells also may be capable of collagen and basal lamina 

synthesis. Proline label in developing endothelium is 

heaviest over perinuclear Golgi regions and cisternae of 

rough endoplasmic reticulum (Figs. 42-46). Splanchnopleuric 

cells also show prominent label associated with rough 

endoplasmic reticulum (Fig. 45). Within both cell layers 

proline label is heavy over nuclear regions. Recently 

Salpeter (19 68) has. shown that proline is incorporated 

into non-histone nuclear proteins which helps to explain 

this somewhat paradoxical finding. 

Manasek (1975b) also determined biochemically the 

presence of specific sulfated and non-sulfated GAG's in 

the area opaca of chick embryos (stages 4-11). He confirmed 

the existence of newly synthesized chondroitin sulfate and 

35 -2 heparin sulfate during these stages using SO^ as a 

3 precursor. H-D-glucosamine was used as a precursor for 

the demonstration of hyaluronate. Light microscopic 

autoradiography of primitive streak embryos showed that 
35 —2 •j 
SO^ and H-D-glucosamine label were distributed over 



113 

neuroectoderm, endoderm, and chordamesoderm structures as 

well as adjacent extracellular spaces. The heaviest 

concentration of these labeled precursors, however, appeared 

over the basal surfaces of neuroectoderm, notochord, and 

endoderm where basal lamina is located. Manasek's (1975b) 

results indicated that while GAG's were distributed through

out the extracellular spaces of primitive streak embryos, 

most were apparently associated with basal lamina. 

In the present study, ruthenium red-positive 

material was observed on the basal surfaces of developing 

endothelial cells isolated from blood islands of the area 

opaca vasculosa of stage 11 chick embryos. This indicates 

the presence of surface-associated GAG's. Similar material 

is visualizable on the lumenal surfaces of older stage 16 

endothelial cells. Light and electron microscopic auto-

radiography shows the uptake of H-D-glucosamine, a semi-

vspecific precursor for hyaluronate, by both endothelium and 

splanchnopleuric mesoderm and less intensely by endodermal 

cells (Fig. 41). Electron microscopic autoradiographs show 

that D-glucosamine label appears over newly synthesized 

basal lamina. This radioactive material may represent GAG, 

specifically hyaluronate, incorporation into developing 

basal lamina (Pigs. 49-50). H-D-glucosamine label appears 

heaviest over perinuclear zones of both endothelial and 

splanchnopleuric mesodermal cells (Fig. 48). In endothelial 

cells label is localized primarily to perinuclear Golgi 
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vesicles of various sizes. Large coated vesicles containing 

labeled basal lamina are closely associated with cell 

plasmalemmae and may release their contents at the basal 

surface of the cells. These data suggest that D-glucosamine 

may be incorporated into basal lamina material near the 

Golgi region. This material could be transported to cell 

surfaces for release in coated vesicles, 

^H-fucose is a specific precursor for glycoproteins 

CLeBlond and Bennette, 1974) and although very little is 

known about the role of glycoproteins in ECM these macro-

molecules are known to be associated with basal lamina 

CKefalides, 19731. Manasek C1976) showed by light auto-

3 radiography that H-fucose incorporated into developing 

heart tube appears heaviest over basal surfaces of 

myocardium and endocardium during the period when basal 

laminae first appear. He suggests that H-fucose taken 

lap by myocardial and endocardial cells is incorporated into 

glycoproteins associated with developing basal lamina. In 

3 the present study, light microscopic autoradiography of Ht-

fucose labeled vessels shows that both endothelial cells 

and splanchnopleuric mesoderm sequester label and that 

radioactivity is present within the intervening extra

cellular space where basal lamina is located CFig. 40). 

Electron microscopic autoradiography clearly shows H-

fucose label over Golgi lamellae and associated vesicles 

CFig. 47). In addition, radioactive fucose is located over 
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coated vesicle which appear to originate from the Golgi 

regions. These vesicles contain basal lamina material, a 

finding which suggests that glycoproteins may be incorporated 

into basal lamina prior to their deposition into the extra

cellular space. 

Summary 

This morphological study has shown the presence of 

basal lamina, collagen, and GAG's in developing vessel walls 

during critical periods of endothelial and vascular smooth 

muscle cytodifferentiation. Light and electron microscopic 

autoradiography suggest that both endothelium and developing 

smooth muscle (splanchnopleuric mesoderm) may be capable of 

secreting the ECM materials. Manasek C1975a) shows that 

during early development the heart is a simple tube composed 

of two epithelial layers. The inner endocardium is 

separated from the myocardium by a thick layer of ECM 

termed cardiac jelly. He further shows by light microscopic 

autoradiography that both endocardium and myocardium 
o *3C —O a 

incorporate H-proline, H-D-glucosamine, S0^~ , and 3H-

fucose; and his biochemical analysis of cardiac jelly 

suggests that these precursors are incorporated into 

collagens Type I and IV, hyaluronate, chondroitin sulfate 

and glycoproteins respectively. He postulates that both 

endocardium and myocardium (myocardium primarily! produce 

these ECM products. 
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Since the early vitelline vessels also are composed 

of two closely associated epithelial layers separated by 

ECM, this study indicates that the developing heart tube 

and early vitelline vessels represent analogous systems. 

It is possible that the developing endocardium and endo

thelium are homologous structures. Similarly, developing 

myocardium and splanchnopleuric mesoderm Cthough not 

homologous) share common properties of muscle differentia

tion, and, more importantly, cardiac jelly and the ECM 

found within the wall of vitelline vessels are morphological 

equivalents. Manasek (,1975a) suggests collagen, basal 

lamina, and GAG's are critical to normal endocardial and 

myocardial cytodifferentiation during a narrow period of 

development from stages 9 to 13. These same materials are 

present during vitelline vessel differentiation and it seems 

reasonable to suggest that ECM materials identified in the 

present study may be critical to endothelial and smooth 

muscle cytodifferentiation. 

Conclusions 

Data in the present study are consistent with the 

following conclusions, 

1. Developing endothelium originates from peripheral 

cells of blood islands which are surrounded by a 

continuous layer of splanchnopleuric mesoderm. 
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2. Between Hamburger-Hamilton stages 10 and 22 develop

ing vitelline vessels are composed of two 

epithelial layers, an inner layer of endothelium 

surrounded by an outer layer of splanchnopleuric 

mesoderm. 

3. Transmission electron microscopy CTEM) shows that 

the earliest connective tissue fibrils appear within 

the developing vessel wall at stage 11. Also at 

this stage TEM histochemistry shows ruthenium red 

CRR) positive material along the basal surface of 

developing endothelium indicating the presence of 

glycosaminoglycans (GAG's). Since these ECM 

components appear at the time of endothelial cell 

delamination from blood islands I suggest that they 

may be critical to this developmental event, 

4. In the period between stages 15-18 splanchnopleuric 

mesodermal cells show an increased density of 

cytoplasmic microfilaments measuring 80-100 A. 

This indicates differentiation of splanchnopleuric 

mesoderm to form vascular smooth muscle. 

5. During the same period (stages 15-18), endothelium 

spreads to form a continuous layer and individual 

endothelial cells exhibit fenestrae, close junctions 

and cell flaps characteristic of mature endothelial 

cells. 
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6. Basal lamina, microfibrils and collagen fibrils 

are present in the extracellular space between 

endothelium and splanchnopleuric mesoderm at the 

time of endothelium and smooth muscle cytodifferen-

tiation. I suggest these components of the ECM 

may be important in normal differentiation of these 

cells. 

7. During the time of cytodifferentiation both endo

thelial and splanchnopleuric mesodermal cells show 

coated vessicles which appear to coalesce with their 

respective cell membranes. These vesicles -contain 

basal lamina-like material and may represent a 

morphological mechanism for the release of basal 

lamina material. 

8. LMAR and EMAR of blood vessels taken from embryos 

treated with ^H-proline indicate heavy label over 

endothelium and splanchnopleuric mesoderm. In 

addition, this semispecific precursor for collagen 

appears over the basal lamina and collagen fibrils 

in the extracellular space between these cell 

types. These data infer that either or both 

endothelial and splanchnopleuric mesodermal 

epithelia may be capable of collagen synthesis. 

9. LMAR and EMAR of blood vessels injected with ^H-

fucose, a specific precursor for glycoproteins, 

show that both endothelium and splanchnopleuric 
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mesoderm sequester this sugar. Furthermore, high 

powered electron microscopic autoradiographs show 

radioactive fucose appearing over rough endoplasmic 

reticulum, Golgi cisternae, and Golgi vesicles 

3 within endothelial cells. H-fucose is also 

associated with basal lamina material inside a 

variety of coated vesicles. Those results seem to 

indicate that carbohydrate prosthetic groups may 

be conjugated to core proteins of basal lamina 

material within the endoplasmic reticulum and Golgi 

zones and transported to the cell surface by coated 

vesicles. 
O 

10. H-D-glucosamine, a semispecific precursor for 

hyaluronate is incorporated into splanchnopleuric 

mesoderm and endothelium. Radioactive D-glucosamine 

label appears over rough endoplasmic reticulum of 

both these cell types and can be seen clearly 

associated with coated vesicles containing basal 

lamina material at the endothelial cell surface. 

These data indicate H-D-glucosamine may be 

incorporated into basal lamina either alone or 

associated with GAG core protein. Endothelial and 

splanchnopleuric mesodermal cells could provide 

intracellular sites for this synthetic process. 



120 

11. In summary, data from the present study indicate 

the sleeve of ECM which separates endothelium from 

splanchnopleuric mesoderm in the developing vessel 

wall contains collagens, GAG's, glycoproteins, and 

basal lamina. I propose this ECM is analogous to 

cardiac jelly which separates endocardium from 

myocardium during early stages of cardiogenesis. 

It has previously been shown that collagen, GAG's 

and basal lamina found in cardiac jelly are neces

sary for normal cardiogenesis. The specific ECM 

components described in this study seem to be 

produced by endothelium and splanchnopleuric 

mesoderm. This occurs during initial stages of 

endothelial and smooth muscle cytodifferentiation. 
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