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ABSTRACT

The development of the chicken stomach, particularly its 

asymmetrical and glandular morphogenesis is poorly understood. From a 

straight epithelial tube the gizzard endoderm evaginates dorsally to 

form the basic asymmetrical shape. It is suggested that evagination 

might be brought about by contractile elements in the dorsal bulging 

epithelium. The cell proliferation rate, examined by tritiated 

thymidine autoradiography, decreased in the bulging epithelium. Thus 

cell proliferation was not responsible for evagination morphogenesis. 

Expansion of the gizzard dorsally was achieved by differential 

localization of cell proliferation to the dorsal-most epithelium. 

There was also differential localized cell proliferation to the 

dorsal-most mesenchyme.

The morphogenesis of the proventricular exocrine tubular 

glands was described using transmission electron microscopy and 

tritiated thymidine autoradiography. Development began by numerous 

evaginations in the rapidly dividing endoderm in which population 

pressure might have been developing. Evaginations were also brought 

about by cell shape changes which were thought to be caused by 

contractile elements. Localization of cell proliferation to the 

distal expanding tubule was the mechanism by which the glands 

expanded.

The morphogensis of the gizzard tubular glands was also 

examined using light and electron microscopy. From columnar cells the 

epithelium became stratified in morphology and penetrated the 

underlying tunica propria. Deep in the stratified layer, microlumina 

formed between the cells which were delineated with junctional
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complexes. These were similar to the apical junctional complexes. The 

microlumina coalesced, expanded, and eventually opened up to the main 

lumen. A changing pattern of mitotic figures was noted. The pits 

developed by cell detachment and invasion by the underlying 

mesenchymal papilla.

Epithelial cells from the transient stratified stage were 

examined in tissue culture. They mimicked their in vivo behaviour and 

managed to form small microlumina when plated on gizzard fibroblasts 

of the same age.
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CHAPTER ONE 

GENERAL INTRODUCTION 

In embryonic development, pattern formation is the process 

whereby the spatial organisation of the cellular differentiation is 

specified. Morphogenesis, on the other hand, is defined as changes in 

form. The pattern formation process precedes the change in form, and 

it is by the patterning process that cells are specified so that they 

will exert forces required for their morphogenesis (Wolpert, 1981).

Studies of the development of the gastrointestinal tract are 

not new. Many important and sophisticated observations were made more 

than 100 years ago. However, there are still areas of obscurity in our 

knowledge of the development of some parts of the gut and its 

associated glands.

In the viscera and in particular in the gut and related 

glands and structures, gross asymmetry of shape is marked and 

commonplace. The hallmark of stomach morphology, be it in man, other 

mammals, the chicken, or the frog, is gross asymmetry with the dorsal 

greater curvature and shorter lesser curvature. The small intestine is 

thrown into repeated looping and falls into an asymmetrical position 

after consecutive rotational manoeuvres. The heart is also 

asymmetrical, and in foetal development, the first event is a C-shaped 

right looping. The duodenum too, is made up of a C-shaped curve to 

the right of the midline. The liver, the largest organ related to the 

gut, is also grossly asymmetrical, and so is the pancreas.

Another unique character of the gut is the presence of 

several types of glands that provide the different secretions of the

16



gastrointestinal tract. On the surface of the epithelium, in most 

parts of the alimentary canal, there are many single cell mucous 

glands (goblet cells). There are also long invaginations into the 

submucosa, forming pits, like the crypts of Lieberkuhn. In the 

stomach and the gizzard there are a large number of simple tubular 

glands. Finally, and associated with the gastrointestinal tract, there 

are the complex glands, like the salivary glands, the pancreas, the 

proventriculus, and the liver, which provide for secretion, digestion 

of food and metabolic processes.

In the vertebrates, the oesophageal and stomach area 

develops from the foregut region that extends from the pharynx 

cranially to the liver and pancreas caudally. In the development of 

the vertebrate stomach, there is a generalised condition, in which it 

enlarges dorsally forming a longer convex dorsal border and a shorter 

ventral border as in man, pig, or frog. However, in amphioxus, a true 

stomach is not found, where the oesophagus continues to the large 

intestine. In the chicken, a proximal glandular proventriculus 

develops between the oesophagus and the gizzard, which is 

asymmetrical. In the cow and sheep, the stomach is made up of three 

pouches, the rumen, reticulum, and omasum before leading to the true 

stomach (Nelsen,1953).

In human embryonic development, the stomach appears as a 

fusiform dilatation. The dorsal wall then is enlarged at a more rapid 

rate than the ventral border producing a convexity. Then 90 degrees 

rotation of the stomach positions the dorsal surface along the left 

side of the abdomen, and the ventral surface to face the right side, 

(Sadler,1984; Moore,1982; Grand,Watkins,& Torti,1976; Arey,1954) thus
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establishing an asymmetrical shape of the stomach.

In the bird, the stomach is made up of two parts. A proximal

symmetrical proventriculus, and a distal asymmetrically dilated 

gizzard. This is an arrangement exclusive to the insect and grain 

eating birds where the gizzard is particularly massively developed. It 

is suited to the function of crushing of the grains, as birds do not

have teeth. The gizzard thus develops massive smooth muscles and a

tough abrasive membrane to be able to crush the grains, and presumably 

protect the gizzard lining (Akester,1986). No hydrochloric acid or 

proteolytic enzymes are secreted by the gizzard. Instead, the 

proventriculus is developed as an exocrine gland to secrete these 

agents (Hodges,1974).

The distal muscular gizzard is of an asymmetrical shape. It 

is a grossly dilated organ with a longer greater curvature and shorter 

lesser curvature (Romanoff,1960). The development of the stomach 

complex begins with an enlargement of the area proximal to the liver 

primordia between 48-72 hours. Grossly, there is a leftwards shift, 

and the gizzard then has a greater curvature and a lesser curvature.

At 6 days of incubation, the right end of the greater curvature 

elongates dorsally as a blind end pouch. As a result the pylorus moves 

craniad and come to lie to the right of the mouth of the 

proventriculus (Sjogren,1941 and Romanoff,1960). How the greater 

curvature arises and enlarges is unknown. It is worth noting that 

Sjogren,(1941) used gross examination of endodermal reconstructions 

rather that histological material in his research.

The gizzard lining glands are slender tubular branched 

glands with a slight basal expansion. The surface mucous cells are
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arranged on wide pits that extend down to a variable distance from the 

glands,reaching a maximum of a third of the gland length. From the 

base of each pit, one or more glands extends down through the 

submucosa. Mesenchymal septa extend to a variable distance between the 

glands (Hodges,1974). These glands produce a thick, white, abrasive 

membrane called the gizzard lining. The lining is thought to be a 

polysaccharide-protein complex known as Koilin (Akester,1986).

The morphogenesis of the gizzard-lining glands was studied 

by Cazzin,(1885). Hibbard,(1942) reported the changing orientation of 

the Golgi apparatus in epithelial cells from a position towards the 

general lumen to that towards the tubular lumens. Toner,(1966) studied 

the cytodifferentiatiation process at the ultrastructure level. He 

suggested a triphasic cytodifferentiation process, the first of which, 

the active phase, covering day 7-13, was characterised by steady 

accumulation of secretory granules. The second phase was the secretory 

phase which extended from day 13 to day 17, in which cells began to 

secrete the secretory granules, and the internal glands began to 

develop. During the final phase, dense granules, similar to the adult 

granules, replaced the earlier pale large granules.

The proventriculus, unlike the gizzard, is symmetrical. It 

is a dilated fusiform structure separated from the distal gizzard by a 

constricted proventriculo-gizzard junction. The proventicular 

glandular development begins by folding of the epithelial lining to 

form blind saccular pouches. Complex glandular morphogenesis then 

followes as these expanded in the wall, radially at the beginning, 

then changing direction to expand cranially. Secondary and tertiary 

glandular structures developes as repeated invaginations from the
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still expanding glands (Sjogren,1941; Hibbard,1942 & Romanoff,1960). 

The epithelial folding was explained (Romanoff,1960) as a result of 

rapid cell proliferation, which increased the number of cells and 

caused folding, without providing evidence for it. The development of 

the submucosal glands was dependent upon the specific, instructive, 

inductive action of its own mesenchyme (Sigot,1971;Sigot &

Marin,1970).

Thus it was clear that little is known about the 

asymmetrical morphogenesis of the gizzard and the human stomach, and 

the morphogenesis of various glandular structures, in the stomach 

complex of the chick. In this work, an attempt is made to describe the 

mechanism of development of the gross asymmetrical shape of the 

gizzard, and the development of the glandular structures in the 

stomach complex. This organ may be used as a prototype for the study 

of development of the characteristic stomach shape and glandular 

structures.

In general, visceral organs assume a variety of shapes and 

functions. The diversity of form ultimately depends upon the behaviour 

of epithelial and mesenchymal cells. In morphogenesis, the collective 

contribution of cell shape changes, cell proliferation, cellular 

spread, cell translocation, and cell death finally gives rise to the 

different shapes of organs. Prior to presenting the results of this 

work, a brief review of the mechanisms of development of selected 

organs will be given.

Evagination morphogenesis

Evagination and invaginations take place many times in many 

places during development. In evagination a group of epithelial cells
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change their position relative to other epithelial cells. They achieve 

this by changing their topography and behaviour relative to other 

cells. This diverging developmental pathway of different cell groups, 

common to different organs, is thought to be brought about by 

inductive interaction with neighbouring tissue which brings about 

switching in developmental pathways, as in lens induction (McKeehan, 

1951).

Most evaginations are the result of mechanical forces,as the 

tissue thickens forming a placode before rolling up. The elements of 

the cell shape change included changes in several parameters, as in 

cell height, cell width, cell volume, cell number and amount of 

extracellular space (Hilfer & Hilfer, 1983).

Mechanisms explaining cell and organ shape change emphasise 

one of the following factors: cell elongation and increase in cell 

density , microfilament mediated cell shape change, organ shape change 

as a result of cell rearrangment (Shearing), growth and cell division, 

and changes in adhesion among cells.

Cell elongation may be related to; microtubular orientation 

along the longitudinal axis, increase in cell division (Jelink & 

Friebova,1966), cell proliferation within a confined limiting area 

(Zwann & Hendrix, 1973), cortical tractoring (Jacobson, Odell, &

Oster, 1985), changes in adhesive forces between cells (Gustafson & 

Wolpert, 1962;1967), or it may be brought about by increase in cell 

volume which could crowd the cells and force elongation by lateral 

apposition, as in lens cells in culture (Beebe et al., 1979).

Cell elongation is spatio-temporally correlated to 

longitudinally oriented microtubules (Waddington & Perry, 1966:
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Spooner, 1975). The antimetabolite colchicine, which disrupts the 

microtubules, and calcium antagonists, which interfere in their 

assembly and function, prevent cell shape changes and arrested the 

morphogenetic process as in the amphibian neurulation 

(Schroeder,1970: Karfunkel, 1971; Waddington & Perry, 1966; Jacobson,

1981), in the chick (Karfunkel, 1972; Handle & Roth, 1971; Schoenwolf 

& Powers,1987), in rat neurulation (Smedley and Stanistreet, 1985 & 

1986) in the mouse embryo (Jacobson & Tam ,1982), and in the chicken 

lens (Byers & Porter,1964).

How microtubules cause cellular elongation is unknown 

(Trinkaus,1984). Burnside, (1971 & 1973) counted the number of 

microtubules in cross section of urodele neurulating cells of 

comparable equivalent regions, in different stages of development, and 

reported a decrease in the number of microtubules as the cells 

elongated. The microtubules elongated too, but to a lesser extent than 

the cellular elongation. She suggested that cell elongation may be 

brought about by a sliding of microtubules past each other and thus 

generating force against the apical and basal ends of the cells; or 

sliding of the cytoplasm along the microtubules, by depleting the 

apical aspect of the cells and by elongation of the microtubules 

themselves by addition of tubulin units.

Microfilament mediated cell shape changes;

The geometrical basis of this mechanism is that if the cells 

coordinately constrict at the apices, then the cells become flask 

shaped and the epithelial sheet automatically bends. The agents that 

bring about this constriction were thought to be the 60 A 

microfilaments seen transversely in the cells apices (Odell et al.,
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1981; Wessells et al., 1971).

It was the spatio-temporal correlation of the appearance of 

these elements in a wide spectrum of cellular and development 

processes, as in the constricted ends of the cells that were 

undergoing evagination or invagination, that led to their implication 

in cell shape change (Wessells et al.,1971). Cortical microfilament 

bundles were present in the cells prior to morphogenesis, and became 

thickened at the constricted cell apices or bases during cell shape 

change. This was further supported by the disruption of these 

filaments by cytochalasin B & D, which blocked the embryonic movement 

and has generally strengthened the case, as in amphibian neural tube 

(Baker and Schroeder,1967 ; Burnside,1971 & 1973), avian neurulation 

(Karfunkel, 1972; Ostrovsky, Sanger, and Lash, 1983 ; Nagele & Lee, 

1980; Lee & Nagele, 1985; Lee et al., 1983; Nagele et al., 1987;

Nagele & Lee, 1987), Xenopus neural tube (Karfunkel, 1971;

Schroeder,1970), salivary gland morphogenesis (Spooner, 1973; Spooner 

and Wessels, 1971 & 1972), chick oviduct morphogenesis (Wren, 1971; 

Wrenn and Wessells, 1970), chick small intestine (Burgess,1975), chick 

thyroid (Hilfer, 1973), rat neurulation (Morriss-Kay & Tucket, 1985; 

Smedley & Stanistreet, 1986), the mouse pancreatic diverticulum 

elevation (Wessells & Evans, 1968), mouse neurulation (Sadler et al.,

1982), mouse lens invagination (Wrenn & Wessells, 1969), and in other 

movements e.g. cytokinesis (Schroeder, 1973).

Heavy meromyosin decoration (Spooner et al, 1973; Nagele & 

Lee, 1980) showed that these apical 60 A microfilaments were actin 

filaments. Although myosin thick filaments were rarely seen, they were 

demonstrated biochemically (Korn, 1978), and by indirect
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immunofluorescence (Lee et. al., 1983; Lee & Nagele, 1985). 

Furthermore, benzodiazepams, which interfere with the assembly of 

myosin, caused severe reduction in the intensity of staining in areas 

where myosin staining was prominent in control untreated neurulating 

chick embryos, and caused non-fusion of the folds and eventually 

collapse of the neural folds. Thus the contractile machinery 

responsible for force development in muscle was present in embryonic 

epithelial cells. The 60 A microfilaments were attached where they can 

cause constriction upon contraction, so in epithelial cells that had 

their apices constricted upon their contraction they were arranged in 

circumferential bundles around the cell apices, and attached to the 

zonulae adherents. The actomyosin systems of the non-muscle cells were 

also thought to contract in these cells by sliding past each other. In 

addition inhibition of calcium influx into the cells, which is 

required for actomyosin contraction, arrested the morphogenetic event 

(Smedley & Stanistreet, 1985).

Hilfer, Palmatier, & Fithian, (1977) establised a direct 

method for evaluating the role of these filaments in whole organs, by 

demembranating the thyroid cells and adding exogenous ATP to the 

medium, which caused the evagination of these organs. In the chick 

retinal epithelium, apical contraction was demonstrated in 

glycerinated cultured cells in response to the addition of ATP 

(Owaribe,Kodama, & Eguchi, 1981). Burnside,et al.,(1982) showed, in 

dark-adapted long retinal cones,that their contraction and shortening 

was dependent on calcium ions and exogenous ATP. All this is 

consistent with the idea that localised contraction could alter the 

shape of the cells.
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Cell rearrangment; shearing forces in cell and organ shape

change;

Change in organ shape could result from changes in position 

of cells relative to their neighbours, as demonstrated in key hole 

formation of the amphibian neural plate (Burnside & Jacobson, 1968: 

Jacobson & Gordon, 1976).

During evagination of the imaginal disc in insect 

morphogenesis, a compacted epithelial mass telescoped into an 

elongated tube with cell flattening. These epithelial cells changed 

neighbours as they maintained their junctional complexes (Fristrom, 

1976). Similarly, the elongation of the gut rudiment during sea urchin 

gastrulation was accompanied by cells changing neighbours without 

disrupting junctional contact (Ettensohn ,1985 I).

Evagination morphognesis; the role of growth

Cell proliferation received little attention as to its role 

in moulding organs, due to the concentration of efforts to elucidate 

mechanisms like contraction, adhesion, and others. For example, 

McKeehan, (1951) dismissed growth as inconsequential in lens 

morphogenesis, because cell division rate in the lens placode was not 

greater than that of peripheral regions. Subsequently, microtubules 

were implicated in lens cells elongation and evagination morphogenesis 

(Byers & Porter, 1964). Zwann and Pearce, (1971) confirmed that 

induction of lens vesicle was not associated with an increase in cell 

proliferation, but the number of cells did increase exponentially. As 

for cell elongation and contraction, it was later found that colcemid, 

which disrupts microtubules, did not cause the collapse of the 

elongated epithelial cells (Pearce & Zwann, 1970) and that the organ

25



diameter was fixed, which was incompatible with the supposed 

contraction of the lens anlage. Therefore there must have been another 

factor in cell elongation. It was also shown then that in the first 

hour after the optic vesicle have come in contact with the ectodermal 

cells, the cells forming the lens anlage increased in volume, which 

would be accommodated by lateral expansion. A second stage was 

initiated when the lateral spreading was inhibited, and because organ 

volume continued to increase, lens cells would elongate (Hendrix & 

Zwann, 1974 & Zwann & Hendrix, 1973). This fixation was suggested to 

be the result of a qualitative change in basement membrane components 

after contact between the underlying optic vesicle and the lens anlage 

(Zwann and Hendrix, 1975). However, these events did not explain the 

wedge shape which brought about bending. Wedging of the cells was 

suggested to result from migration of the nuclei to the base of the 

cells as a part of their interkinetic nuclear migrations. The nuclear 

volume was large as it measured 30% of the cell volume. Therefore the 

proposed model involved cell shape change, which led to organ shape 

change (evagination) as a result of cell population pressure 

developing in a group of cells in a confined limited area, and cell 

shape change during interkinetic nuclear migration (Zwann & Hendrix, 

1973 and Hendrix and Zwann, 1974). Meier, (1978 I & II) invoked the 

same mechanism in the development of the chick otic placode. Also, in 

the chick neural tube, changes in neuroepithelial cells from spindle 

shape to wedge shape involved basal expansion, which might be brought 

about by alteration in the nuclear position during the cell cycle, as 

the nucleus was found in the expanded basal position (Smith & 

Schoenwolf,1987). Wedging of the cells might either drive bending, or
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provide a nidus for its initiation.

In chick thyroid development, a different cell 

proliferation pattern in evagination was shown (Smuts, Hilfer, & 

Searles, 1978). The cell division rate was higher in the periphery of 

the evagination, which suggested that as new cells were added 

laterally, they might push the evagination deeper. Conversely, in the 

chick neural tube, cell division was localized to the induced areas, 

rather than the periphery and was suggested to be the mechanism of 

placode formation and rolling up (Jelink & Friebova, 1966).

In the chick oviduct epithelium, growth was important in 

later expansion of the glands but not in the initiation of evagination 

(Wrenn,1971). In the pancreas, diffuse mitosis was suggested to cause 

numerous evaginations (Pictet et al.,1972), and in the ciliary body 

folding its unremitting growth rate, within the limitation of the 

pupillary ring, numerous evaginations developed (Bard & Ross,1982 II)*

Evagination morphogenesis; the role of adhesion.

Gustafson and Wolpert,(1962 & 1967) proposed a model which 

explained the change in the shape of cell sheets as brought about by 

changes in cell adhesion between individual cells on the one hand, and 

changes in their adhesion to their basement membrane. For example, if 

the cells increase their adhesion to each other they will be 

increasingly columnar in shape. So if the force of attachment to the 

basement membrane remains constant, then the cells may bend. Nardi 

(1981) showed that by grafting cells of the pupal wing to different 

places of different adhesivity,the cells will change shape according 

to the adhesive difference.
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Examples of systems involving evaginations

Before discussing other mechanisms of morphogenesis, a brief 

review of the development of some organs which develop by folding of 

their epithelial elements will be given.

Neurulation

Neurulation is one of the most extensively studied 

morphogenetic events involving folding of epithelium (Gordon, 1985; 

Karfunkel,1974), and despite a long history of description, the 

mechanism is still elusive (Trinkaus, 1984).

In the chick the neural plate is made up of single elongated 

columnar cell which elevate and fold. In explaining the mechanism of 

neurulation, Jelink & Friebova, (1966), suggested that cell 

proliferation was the mechanism which brought about the formation of 

the neural plate and rolling of the tube, as the mitotic index was 

highest in the neural plate than at any time in development, and this 

caused the increase in cell density and elongation of the plate. The 

neuroepithelium was confirmed to be mitotically active and grew, so 

it increased in volume, length, apical and basal surface area and 

lateral thickness (Schoenwolf, 1985). The cell elongation was also 

correlated to microtubules, and when these were disrupted then the 

cells decreased in height. Additionally, the neural plate width 

increased by a factor proportional to the decrease in height 

(Schoenwolf & Powers,1987). Therefore, the increase in volume was a 

result of both cell division and cytoskeletal contraction. The 

elongation of the chick neural plate was confirmed by Jacobson, (1981) 

and was suggested to be causally related to rolling of the plate.

Neurulation in the chick may also be brought about by cell
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shape change. At the beginning, the medullary plate became thickened 

and the cells elongated. Elongation of the cells was related to 

longitudinally-oriented microtubules (Karfunkel, 1972 ; Schoenwolf & 

Powers,1987). As the lateral folds elevated, the supranotochordal bend 

cells became shorter and wedge-shaped. As the fold elevated still 

further, two bends appeared in the midlateral regions, the cells there 

were also more apically constricted, while the rest of the lateral 

areas contained a mixture of wedge and spindle-shaped cells 

(Schoenwolf & Franks,1984). There was also regional variation in the 

distribution of the apical contractile elements in these bend regions, 

as the apical microfilaments were denser and thicker in the 

supranotochordal and the two lateral bend regions, and the myosin 

staining was heavier in these regions (Nagele & Lee,1980; Lee &

Nagele, 1985; Nagele & Lee, 1987;Lee et al., 1983).

However, Schoenwolf, Folson,& Moe, (1988) recently appealed 

for a reappraisal of the role of the microfilament in the wedging and 

bending of the neural tube, as treatment with cytochalasin D did not 

block median bending and slight elevation of the neural plate, in 

spite of disruption of microfilaments. It was suggested that wedging 

of the spindle shaped cells was brought about by localisation of the 

nuclei in the bases of the cells (Smith & Schoenwolf, 1987). However 

it did prevent bending in the elevated lateral folds.

During chick neurulation, the cell surface extracellular 

matrix was markedly increased when the cells become elongated and the 

folds elevated. As the folds approached each other to fuse, dense 

extracellular material was observed between the fusing cells.

Treatment of these cells with conconavlin A reversed and prevented the
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fusion process (Lee et al., 1976; Lee, Sheffield, & Nagele, 1978). 

Also, treatment with testicular hyaluronidase caused failure of fusion 

of the elevated neural tube!(Schoenwolf & Fisher, 1983).

Thus according to the prevalent view, the forces responsible 

for neurulation might reside in the neural plate itself.

In Xenopus, the presumptive neural plate consists of two 

layers. The cells of the superficial layer was cuboidal prior to 

neurulation. Then the median cells become taller and wedge-shaped. The 

cells of the deeper layer are columnar in shape, which during 

neurulation become narrower but not taller. The neural folds elevate 

and approach each other. The long axis of both cells are radial to the 

neural tube (Schroeder,1970 ; Karfunkel,1971 & 1974).

The earliest explanations were that increased cell division 

laterally caused the folding of the lateral epithelial folds, but 

Karfunkel, (1974), after cutting a longitudinal slit in the neural 

plate and the adjacent epidermis and observing that it gapes widely, 

instead of becoming overlapping, argued that the ectodermal plates and 

the epidermis were under tension, and thus dismissed the suggestion 

that the epidermis pushed the neural folds medially. He suggested 

instead that neurulation developed by forces intrinsic to the 

epithelium itself. On the other hand, Brun & Garson, (1983), after 

chemically eliminating the neural plate by preventing wedging of the 

neural plate cells, observed that the neural folds still elevated and 

that the length of the epidermal cells increased, thus suggesting that 

the epidermal cells and other parts of the embryo may produce folding 

of the neural plate cells and also that there was synergistic 

interplay of the various embryonic components involved in neurulation.
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In the newt, primary embryonic induction might bring about a 

patterned change of the neuroepithelium, as cell groups are displaced 

so that the neural plate narrows and elongates and becomes a keyhole 

shape with little or no growth (Burnside & Jacobson,1968). In 

neurulation of urodeles, cell rearrangment and shape changes seem to 

be the mechanism of morphogenesis (Jacobson & Gordon, 1976). As the 

neural ectoderm forms a keyhole-shaped plate, this folds ; and fuses to 

form the neural tube. The formation of the keyhole ectodermal plate is 

a most important event, which combines coordinated cell shape changes 

and cellular rearrangment, and was the subject of the only study which 

combined computer simulation, experimentation and histological 

examination. The keyhole plate forms when a hemispheric shaped plate 

of ectodermal cells shrank. Shrinkage of the epithelium was brought 

about by apical constriction and cellular elongation of individual 

cells, forming a tightly packed epithelial sheet. The cell shape 

change was suggested to be brought about by co-ordinated contraction 

of apical microfilaments, and cellular elongation was brought about by 

longitudinally oriented microtubules. Concomitant with shrinkage, the 

ectodermal and the underlying notochordal cells became rearranged in 

relation to each other so that elongation of the plate was the result, 

and a keyhole shape was thus formed. Elongation was suggested to bring 

about a rolling of the tube (Jacobson,1981: Gordon, 1985; Jacobson, 

1980)

In the mouse, each lateral half of the neural plate makes a 

convex bulge dorsally separated by a ventral furrow in the middle of 

the neural plate. Then a period of increased dorsal bulging is 

followed by reversal of curvature with the appearance of a horn-like
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projection, followed by fusion of the plate (Jacobson & Tam, 1982). 

Cells of the plate change shape as they become taller and constricted 

apically and basally, which is related to microfilament distribution 

(Sadler et al., 1982). The cranial neuroepithelium is highly active 

mitotically throughout the regions, but the forebrain region expands 

rapidly, while the midbrain and hindbrain regions do not expand. This 

suggested that cells may migrate rostrally to augment forebrain 

expansion. Also the mitotic plane of cleavage in the midbrain and the 

hind brain region contributed to longitudinal expansion (Morriss-Kay, 

1981; Tuckett & Morriss-Kay, 1985).

At different axial levels of the mouse and the rat, 

neurulation was associated with differential distribution of 

glycosaminoglycans in the basement membrane of the epithelium and the 

extracellular space between the mesenchymal cells. In the cranial 

region of the rat embryo Morriss & Solursh, (1978) showed that there 

was an increase in the rate of synthesis of hyaluronate and 

chondroitin sulphate related temporally and spatially to the biconvex 

region of the neural folds, and suggested that it might mechanically 

elevate the neural folds. Treatment with hyaluronidase decreased the 

extracellular space between mesenchymal cells, and their number was 

reduced by half as a result of increase in cell cycle time. However, 

neurulation was not inhibited but retarded. Thus it was concluded that 

hyaluronate was essential for the timing of neurulation (Morriss-Kay, 

Tuckett, & Solursh, 1986). Caudally in the normal mouse, Copp and 

Bernfield, (1988 I & II) also found an increase in the distribution of 

hyaluronate. It was suggested that hyaluronate may exert its 

developmental role by causing changes in cell proliferation rates, or
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the cytoskeletal arrangement in the overlying epithelial cells.

Small intestine

The first part of the chick small intestine is the duodenum.

It is an elongated loop doubled upon itself enclosing the pancreas

between its segments. Duodenal villi develop from previllous ridges in 

the chick (Hilton, 1902). Previllous ridges in organ culture develop 

normally when surrounded by mesenchyme, but not alone (Burgess, 1975).

If apical and basal microfilament bands are disrupted by cytochalasin

B, then previllous ridges fail to develop. Thus he suggested a 

contractile mechanism for previllous ridge development. The cells at 

the corners of the bending became wedge-shaped with smooth basal 

surfaces, while the cells in between developed basal pseudopodia, with 

a distinct change in mesenchymal cells (Burgess, 1975 & 1976). Noda, 

(1983), arrested morphogenesis using cytochalasin B.

The lungs

The chick respiratory system consists of the lungs, the air 

sacs for buoyancy, and the bronchial system. The lungs begin by paired 

evaginations pushing into surrounding mesenchyme. The surrounding 

mesenchyme develops at the same pace as the epithelium. The endodermal 

pouch then elongates (Romanoff, 1960). The bronchial tree, also 

elongated, and gives off evaginations proximal to the leading sac of 

expansion (Romanoff, 1960) .

In the mouse the lung primordia arise as two separate 

lateral evaginations of the gut endoderm at 25-27 somite stage. 

Thereafter the two buds grow in length, and start branching 

morphogenesis. These events are absolutely dependent on the action of 

mesenchyme (Spooner & Wessells,1970). The tracheal bud is found to be
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a a rapidly growing structure, however no localisation of cell 

proliferation was detected in the bud prior to evagination, as the 

labelling index was uniform in the bud and the tracheal epithelium 

(Wessells,1970). Then the bud continues to expand and bifurcate by 

developing a central proximal indentation which, with continued 

expansion, results in bifurcating buds. At the tip of the expanding 

bud there is a scanty basement membrane and direct epithelio- 

mesenchymal contact developes with the condensing mesenchymal cells. 

The mitotic activity was highest at the tips (Grants, Cutts, & Brody, 

1983). The development of the gas exchange surface in the mouse was 

associated with differentiation of type II pneumocytes to type I 

surfactant-secreting pneumocytes, which was associated with flattening 

of the cells and numerous epithelio-mesenchymal contacts.

The pancreas

In the chick, the pancreas arises from three evaginations 

from the gut wall, one dorsal and the other two are ventral in 

relation to the dorsal evagination. The pancreas was thought to be 

composed of cellular cords which later cavitated (Romanoff, 1960).

In the mouse, the pancreas arises as an elevation of the 

dorsal gut wall, the base of which becomes constricted as the 

elevation progresses. As the pancreatic diverticulum develops, no 

localised population of tritiated thymidine incorporation or mitotic 

cells were found (Wessells & Cohen, 1967). The cells at points of 

elevation were rectangular and elongated in shape and there was also a 

decrease in the number of cells in the diverticulum. Thus pancreatic 

elevation was suggested to be brought about by cell shape changes and 

cell movement (Wessels & Evans,1968). No orientation of microtubules
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and microfilaments that corresponded to cell shape change was 

observed in the rat however, as elevation of the pancreas and 

subsequent lobulation was suggested to result from an increase in cell 

division (Pictet et al., 1972).

The thyroid gland

The chick thyroid gland develops, as an evagination of the 

pharyngeal wall (Hilfer, 1973; Hilfer & Brown, 1984). Hilfer, (1973) 

reported the presence of a pronounced apical transverse band of 

microfilaments at the vesicle stage of development. Microfilament 

bundles were observed at apices and bases of cells at the midline of 

the bud, and in the apices of cells at the periphery, separating the 

thyroid from the pharynx. Also, there were highly polarised 

longitudinal microfilaments in early groove formation which was 

supplemented by longitudinally arranged microtubules in older grooves. 

These were thought to act as stabilisers, functioning as a 

nondistensible band to provide rigidity to cells within the vesicles. 

Smuts, Hilfer, & Searle, (1978) showed that the labelling index of the 

thyroid placode cells was higher in the pharynx (periphery) than in 

the evagination epithelium in the midline throughout the development 

of the thyroid. Hilfer, Palmatier, Fithian,(1977) managed to cause 

precocious evagination in a stage 14 thyroid in a matter of minutes by 

adding an exogenous source of ATP

Otic placode

The chick otic placode began development when a population 

of cells became segregated from the rest of the ectoderm which might 

result from induction by underlying neural crest cells. The cells 

elongated and pseudostratified as a result of cell division within a
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confined limiting space. Within the cells, microtubules were found 

along the longitudinal axis of the cells and apical microfilaments 

were observed. The placode would then undergo invagination (Meier,

1978 I & II).

The optic vesicle 

The optic vesicle developes by evagination of epithelial 

cells, and microtubules and microfilaments were seen polarised and 

oriented. Also it precociously contracted when ATP was added (Brady & 

Hilfer, 1982) and was inhibited by adding calcium ion antagonists, 

like verapamil and papaverine (Hilfer & Skres, 1987).

Expansion and branching morphogenesis in epithelio- 

mesenchymal organs

In this type of morphogenesis, an epithelial tree expands 

and repeatedly branches to form ducts and alveoli. In this type of 

morphogenesis, growth, both generalised and localised, plays a 

striking role. Also cell shape change, epithelio-mesenchymal 

interactions, and compositional changes in the extracellular material, 

all play an important part.

The role of growth

Because of the expansive nature of the process and the 

frequent branching, growth is an important process. In the mouse lung, 

growth was linear in relation to time and increased total surface area 

and the budding process; X-irradiation of epithelium and mesenchyme 

arrested growth. Adding more mesenchymal mass elicited more growth in 

the epithelium, and thus increased expansion and budding (Alescio & 

Piperno, 1967; Alescio & Dimichele, 1968).

In the mouse submandibular salivary gland a higher cell
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proliferation rate was localised to the distal tip of the expanding 

and budding tips (Bernfield and Banerjee,1982; Bernfield, Banerjee, 

and Cohen,1972; and Bernfield, Cohn, and Banerjee,1973). Similarly, in 

the expanding chick lung more cell proliferation was localised to the 

tips of the expanding bronchi (Gallagher,1985 I). In the rat lung, 

localised cell division was observed in the tips of buds (Golden & 

Wessels,1979). Budding was elicited from the chick trachea after 

implanting epidermal growth factor pellets (Golden and Opermann,1980).

In the quail anterior submaxillary salivary glands however, 

growth was not localised to any particular region of the expanding 

glands, which also elongated and expanded with the basement membrane, 

being thin and interrupted at the distal tip of expanding glands 

(Nogawa, 1981).

Cleft formation and branching

In the branching mouse salivary glands the outer surface of 

each rounded knob was the site where a narrow cleft formed and 

gradually widened (Wessels, 1977). Basal microfilament contractions 

were suggested to be implicated in this cell shape change. Treatment 

of these glands with cytochalasin B caused loss of early clefts and 

flattening of the organ rudiment. This effect did not affect mature 

clefts and was reversible (Spooner, 1973; Spooner & Wessells, 1970 & 

1972). Also inhibition of extracellular calcium ion entry into the 

cells, which is required in contraction, was inhibitory to 

morphogenesis without disruption of filaments (Ash, Spooner, & 

Wessells, 1973).
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The role of extracellular material in maintaining 

epithelial morphology

The matrix material and the basal lamina were important in 

maintaining lobular morphology of the epithelium. When the mesenchyme 

together with the amorphous matrix material was removed, leaving the 

basal lamina intact, the epithelium maintained its lobular morphology. 

However treatment of these epithelia with testicular hyaluronidase, 

which disrupted the basal lamina, resulted in rounding up of the 

cells, loss of cellular cohesion, and appearance of projections at the 

basal surfaces, with a meshwork of microfilaments at the base of 

projections (Banerjee,Cohn, & Bernfield,1977; Bernfield, Banerjee, & 

Cohn, 1972; Bernfield, Cohn, & Banerjee, 1973).

Epithelio-mesenchymal interaction; the role of mesenchymal

cells.

Normal growth and morphogenesis of epithelia in epithelio- 

mesenchymal organs was absolutely dependent upon mesenchymal 

components (Spooner,1973). Also the pattern of epithelial branching as 

it occurs in epithelio-mesenchymal organs was somehow regulated in 

timing and location by surrounding mesenchyme (Grobstein, 1953 I &

II). It was thought that the mesenchyme induced the epithelium through 

the extracellular material. The extracellular matrix materials were 

not deposited uniformly; the fibrillar collagen was deposited in 

greater amounts in the clefts between lobules and on the stalk rather 

than at the distal aspect of lobules (Bernfield, 1981).

Bernfield et al., (1984) showed in the basal laminar 

remodelling that more total glycosaminoglycans were formed at the 

surfaces of the clefts, at the lateral aspect of lobules and stalks,
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than at the distal tips. However glycosaminoglycans turnover was 

highest at the tips as they accumulated rapidly and were lost rapidly 

from the tips of the glands (Bernfield & Banerjee, 1982). It was thus 

suggested that mesenchyme near the tips degraded glycosaminoglycans 

and collagen in the stalks, and lobules stabilised them (Smith & 

Bernfield, 1982). Golden, (1980) suggested the sequence of events for 

the matrix-remodelling mechanism of branching morphogenesis as 

beginning with degradation of glycosaminoglycans by surrounding 

mesenchyme, followed by close or direct contact. This facilitated 

passage of a mitotic factor, which in turn increased cell division 

localised to the tips. Disruption of glycosaminoglycans caused release 

of calcium, which in turn caused contraction of microfilament systems 

causing cell shape change, which brought about clefting of the 

epithelium. Finally, accumulation of fibrillar collagen in regions 

where a stable basal lamina existed was thought to stabilise shape. 

Thus an interplay between cell proliferation and cell shape changes 

under the inductive influence of mesenchyme moulds and gives the final 

shape of the organ. In this model, the forces generating branching 

reside in the epithelium itself.

Grobstein1s transfilter experiments (1953 II & 1967) 

indicated that no cell-cell contact was needed. The basal laminar 

remodelling model (Bernfield, 1984) seemed to confirm that no direct 

epithelio-mesenchymal contacts are required. However, in the induction 

of metanephrogenic mesenchyme by spinal cord and salivary mesenchyme 

in transfilter cultures seemed to suggest that induction might be 

correlated to direct contact (Saxen et al., 1976; Lehtonen et al., 

1975) and that induction may be correlated to time and density of
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contact (Saxen & Lehtonen, 1978) .

The development of glandular structure in aggregates of 

unpolarized cells

Polarity is a fundamental property of epithelial cells. It 

can be observed in all epithelia, and in any given sheet, is the same 

for all epithelial cells. Cell polarity can be expressed in the shape 

of the cells, the structural cell junctions, cytoplasmic organisation, 

intracellular organisation, distribution of intracellular secretory 

apparatus, cell membrane specialisation and molecular cell membrane 

composition (Simon & Fuller, 1985). This polarity is essential for 

epithelial cell function, for example in the glandular secretory cells 

the intracellular secretory apparatus is directed towards the lumen 

(Kolega,1986) .

When epithelial cells first develop, they form from 

unpolarized cell masses, as in blastulation (Berril & Karp, 1976). In 

subsequent development, epithelia also develop from unpolarized cell 

masses, as in kidney, thyroid, liver, colon, small intestine, 

pancreas, and mammary gland development. In these organ 

systems,aggregated cells begin developing junctional complexes of the 

apical variety at the site of the future lumen, and the cells involved 

become asymmetrical as their secretory apparatus become polarised 

towards the future lumen. This process is called cavitation 

(Trinkaus, 1984).

The structural expression of cellular polarisation.

This polarity of epithelial cells includes the junctional 

complexes that the epithelial cells form between each other apically 

and basolaterally, and the basement membrane on which the cells rest
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basally. Farquhar and Palade, (1963) and Goodenough and Revel, (1970) 

have shown that in visceral epithelium a tripartite junctional complex 

was a characteristic finding, although the arrangement varied in 

detail from one epithelium to the other. Typically, the complex 

consisted of 3 successive components. The first element was the 

zonulae occludens, or the tight junction, which was a sealing area of 

variable length made up out of fusion of the outer leaflets of the 

apposing cell membrane. It was located immediately behind the line of 

reflexion and ran a rather straight course. Frequently the fusion line 

appeared as a series of fusion, divergence and refusion. The second 

element, the macula adherence, was located immediately behind the 

tight junctions and was characterised by the presence of a true 

intercellular space, with the cell membranes running strictly parallel 

to each other and surrounded by cytoplasmic dense regions which have 

matted fibrillar material. It was not a sealing structure and formed a 

continuous belt around the cell. The third element was the desmosome, 

which was seen at a distance from the macula adherens and was not a 

belt-like structure, but rather like buttons interspersed in the cell 

membrane. The desmosomes were characterised by the presence of laminar 

densities in the intercellular space and by a high local concentration 

of dense amorphous and fibrillar substance in the subjacent cytoplasm. 

Bundles of intermediate filaments attached to these plaques.

The basement membrane and the substratum on which the cells 

rest is one of the signs of polarity of epithelial cells and also 

important for acquisition of polarity of cells. In vivo the 

nephrogenic cells, when prevented from attachment to each other by 

treating them with anti-uvomorulin, still managed to become polarised,
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which suggested that the basement membrane might be important inlair J»

acquisition of polarity of epithelial cells (Ekblom, Vestweber, & 

Kemler, 1986). Conversely, the suspension of highly elongated, 

polarised adult cells in collagen gels resulted in increase in motile 

activity of the basal epithelial surface, and the cells detached from 

the follicle and invaded the surrounding gel and became elongate 

bipolar cells. Thus they lost their polarity and became mesenchymal 

like cells and begin to secrete collagen type I (Hay, 1984;Greenburg & 

Hay, 1982;1986;1988) .

Membranous expression of polarity

The apical and basolateral membranes were also different 

biochemically. The presence and continuity of junctional complexes was 

vital for the histochemical differentiation of the plasma membrane of 

the cells in culture (Hoi-Sang, Saier, & ellison,1979), most probably 

by sliding of material along the basolateral surface of the cells 

(Pisam & Ripoche, 1976). In the pancreas however, Madden and Sarras, 

1985 found small microlumina, crossed with microvilli, without sealing 

tight junctional strands, and using a lectin probe, reported the 

development of apical membrane differentiation prior to development of 

sealing tight junctions.

Some organs that develop glandular structures in 

stratified unpolarized epithelial cell masses

The human small intestine

From a stratified 2-6 cells thick epithelium, a few 

subepithelial mesenchymal cells aggregate, which then evaginated into 

the basal aspect of the epithelium. The epithelium then folds, forming 

villi. The development of microlumina in the stratified epithelium
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begin when new apical type junctional complexes develop deep in the 

epithelium which delimited these secondary lumina. Secondary 

microlumina enlarge, coalesce and then open into the main lumen (Moxey 

& Trier, 1978).

The rat duodenum

The duodenal lining epithelia is stratified prior to 

commencement of morphogenesis. Hermos, Mathan, & Trier, (1971) noted 

that the cell proliferation pattern increased their stratification and 

that the mitotic cells changed their position deeper into the villi as 

development progresses. Rat duodenal villi morphogenesis begin when 

the deep epithelial cells develop new junctional complexes of the 

apical type between them. Extracellular secondary lumina develop 

when cells secrete small vesicles between these junctional complexes. 

Progressive enlargement and coalescence of these lumina and opening up 

into the main lumen establishes continuity. Mesenchymal aggregates 

penetrate deep between the villi to establish the villi connective 

tissue (Mathan, Moxey, & Trier, 1976). All lumina in the stratified 

epithelia are lined by tight junctional complexes which are 

characterized as being mostly tight junctions with infrequent gap 

junctions (Madara,Neutra, & Trier, 1981).

The ovine small intestine

From a stratified epithelium of 2-6 cell thickness, the 

epithelium folds forming villi and penetrates surrounding mesenchyme. 

Then the lumen become patent (Trahair & Robinson, 1986) .

The rat biliary canaliculus,

Biliary canalicular development begin with the development 

of a potential smooth surface biliary canaliculus delimited by tight
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junctional complexes, then microvilli project into the lumen together 

with secretory vesicles (Luzzatto, 1981). Montesano et al., (1975) 

characterised these junctions as tight junctions with pentalaminar 

fusion leading deeper to gap junctions. Furthermore, the membranous 

polarity of the hepatic cell surface was detected after the 

development of the junctional complexes (Ferraci, et al., 1987).

The mammary gland

It begins development by proliferation of a knob of cells 

which cavitate. Secondary microlumina develop and become bridged by 

microvilli, and surrounded by tight junctions, then these lumina 

coalesce and enlarge (Hogg, Harrison, & Tickle, 1983).

The rat colon

This developes by cavitation. Colony and Neutra, (1983) 

found uniform phosphatase activity around the cells prior to the 

development of tight junctional complexes. After the development of 

junctional complexes the cell surface acquired biochemical polarity.

The rat parotid

These glands develop ducts and lumina in solid tubules 

made up of unpolarized epithelial cells. Development begins when a knob 

of cells penetrated buccal tissue, leaving the stenson duct (Redmann 

& Srebeeny, 1970). Lumina, surrounded by secretory granules develop 

and enlarge progressively.

The rat thyroid follicles

The follicular lumen also develop by a process of 

microlumina formation. Tight junctions surround a potential lumen, 

into which microvilli project (Luciano, Thiele, & Reale, 1979). The 

enlarged and separated thyroid vesicles proceed to cellular
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differentiation and colloid formation. This process was not 

synchronous in any single gland.

Kidney glomerular and tubular development

The terminal ampulla of the ureteric bud was believed to 

induce formation of renal vesicle from metanephrogenic tissue. This 

cluster of cells then developed a lumen. These cells became sealed at 

their apices with occluding junctions. Then the vesicle became S 

shaped and was made up of a layer two cells deep. The layer lining the 

Bowman's space was sealed by occluding junctions (Reeves, Caulfield, & 

Farquhar, 1978). In the vesicular stage fibronectin staining was lost, 

while in the comma shaped rudiment, basement membrane specific 

molecules were detected immunohistochemically (Ekblom, 1981).

Epithelial cell development in tissue and organ culture

conditions

A variety of epithelial cells from different organs have 

been examined in culture conditions. The cells realised their 

organotypic potentialities according to their own developmental 

competence, specific mesenchyme, culture conditions (such as the type 

of substratum), presence of hormones and connective tissue products.

In culture conditions the gizzard endodermal cells showed 

their self-differentiation potency by developing a folded 

pseudostratified epithelium when cultured with or without mesenchyme 

(Ishizuya-oka, 1983). Also, region specific differentiation of the 

stomach epithelium was elicited when chick stomach endoderm was 

cultured with digestive tract mesenchyme (Ishizuya-oka & Mizuno,1984: 

Yasugi & Mizuno, 1978).

In organ culture, masses of nephrogenic mesenchyme progressed
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to tubular structures (Bernstein, Cheng, & Roszka, 1981: Avner et 

al.,1982). The fetal rat small intestine developed in organ and tissue 

cultures and showed a specific growth pattern depending upon the age 

from which the explants were taken (Quaroni,1985 & Kondo et al.,1984). 

The chick small intestine was maintained in organ culture (Black,

1978; Haffen et al.,1981). The rat intestinal cell cultures did not 

develop when plated in 3-D collagen gel cultures but developed into 

villus like structures when transplanted in-vivo (Montogomery, Zinman, 

& Smith, 1983). These reports showed the importance of developmental 

competence of the epithelial cells themselves and mesenchymatous 

elements on epithelial cells differentiation and development.

The substratum was important for the development of 

structural polarity of epithelial cells. When MDCK epithelial cells 

were plated on plastic substratum they formed a monolayer with the 

apical surface covered with microvilli facing the medium. The lateral 

surface was connected by tight junction and desmosomes. The nuclei 

were found basally and the cytoplasm was abundant laterally and 

apically (Crejido et al., 1978). There was also biochemical 

differentiation of the two surfaces (Balcarova-Stander et al., 1984). 

Pancreatic acinar cells developed flattened colonies of irregular 

shape when plated on plastic substratum (Orci et al., 1973) as well as 

the gastric parietal cells (Logsdon et al., 1982). When mammary 

epithelial cells were plated on floating collagen gels they 

differentiated better and formed small vesicles (Emmerman & Pitelka., 

1977). Whem monolayers of mammary, thyroid, small intestinal 

pancreatic, and submandibular salivary epithelial cells were overlaid 

with collagen, it caused the reversal of epithelial cells polarity
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(Hall,1982; Chambard, Gabrion, & Mauchamp, 1981; Montesano et al.,

1983; Montogomery, 1986; Yang et al., 1980; Yang et al., 1982) and 

caused the development of hollow tubules.

In this thesis I have investigated the development of the 

avian stomach complex. I have described the asymmetrical 

morphogenesis of the chicken gizzard and the cell proliferation 

pattern during this period. I also examined the proventricular 

glandular morphogenesis and the cell proliferation pattern during this 

development. Finally, I studied the development of the glandular lining 

of the gizzard in vivo and in tissue culture .

Prior to the discussion of the results, a brief description 

of the experimental methods used will be given.
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CHAPTER TWO 

MATERIALS AND METHODS

White leghorn chick embryos (Gallus domesticus) , obtained 

from a North London supplier, were used throughout the study. Eggs 

were incubated in a forced-air draft incubator at 99-100 F and high 

humidity. On the third day of incubation fertility, was confirmed by 

candling and a window opened over the blastoderm. The embryos were 

staged according to Hamilton & Hamburger tables (Hamilton & Howard, 

1952) of normal development, sealed with sellotape, and returned to 

the incubator for subsequent use.

The instruments generally used were a Zeiss binocular 

dissecting microscope, tungsten wire needles, curved scissors for egg 

opening, curved and straight forceps, iridectomy scissors, and glass 

petridishes which were covered with Sylgard 180 purchased from Dow 

Corning (Midland, Michigan) which formed a convenient dissection 

platform.

For dissection, the embryos were immersed in either Hank's 

BSS or primary fixative (page 54). The abdomen of the embryo was 

opened, and the stomach located in the area dorsolateral to the liver, 

just left of midline, distal and in the early stage 20-23 between the 

pulmonary buds and proximal to the pancreatic bud. Localization of the 

stomach was easier in later stages due to the gross shape changes. The 

proventriculus was localized as an ovoid structure just proximal to 

the grossly enlarged gizzard.

Microdissection of the gizzard endoderm free of its 

mesenchyme.

For measurments of the bulge region length, staged embryos
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were dissected and the gizzard freed. The gizzard was incubated in 2% 

cold trypsin (Gibco) for one hour and microdissected free of its 

mesenchyme, leaving the endoderm intact. Using a stage micrometer and 

a graticule eyepiece, the length of the bulge was measured and that of 

the limb too.

For histological and ultrastructural studies of the gizzard, 

morphogenesis and autoradiographic studies of cell proliferation 

pattern during gizzard asymmetrical morphogenesis, longitudinal 

sections of the organ from stage 20 to stage 34 H & H were used 

throughout. As for the proventriculus, both longitudinal and 

horizontal sections of stages 27 through to stages 35-36, were used.

Histological and transmission electron microscopy

The gizzard and proventriculus were dissected from staged 

embryos, immersed in primary fixative (Karnovsky,1965). The specimen 

were taken to a pot of fresh fixative. Specimens were left for two 

hours or overnight, then processed as shown in protocol (2-1).

Floating one micron plastic sections were mounted on slides and 

stained with 1% aqueous toluidine blue for light microscopy. For 

electron microscopy, grey-silver 70-90nm ultrathin sections were 

mounted on 200 mesh copper grids, stained with uranyl acetate and lead 

citrate, and examined in a Philips EM 300 electron microscope. 

Photographs were taken on Ilford plates and developed according to the 

standard procedure employed in the electron microscopy unit of this 

department. Sections were cut using Reichert OM 3 and Ultracut E 

microtomes.

Ruthenium red staining

For ruthenium red staining, the proventriculus from the
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expansion stage was dissected and processed as in protocol No 2-2. 

Ruthenium red stock solution was prepared as followed; 30-50 mg 

ruthenium red (Sigma) was crushed in a small mortar in a few drops of 

distilled water. Water was added to make 10mgm per 1 ml of distilled 

water and heated in a 60 C water bath. It was then centrifuged at 1600 

G for 10 min. The supernatant was removed and used as stock (Luft,

1971 I & II).

Tritiated thymidine autoradiography

For autoradiographic analysis of the cell proliferation 

pattern in the developing chick gizzard and proventriculus, tritiated 

thymidine was purchased from Amersham International. 20 pcui, in 0.2ml 

of PBS solution was dropped onto the embryos in the eggs after 

separation of the membranes. Embryos were reincubated for two hours 

and then fixed. Fixation and processing were similar to the light 

microscopy protocol, but the osmium tetra-oxide secondary fixation was 

omitted, and the specimen was placed for 10 minutes in alcian green, 

in the 70% alcohol step, to impart colour to the specimen, which aids 

in orienting the structure in the resin block. One micron tissue 

sections were mounted on specially cleaned and subbed slides according 

to Humason (1978) (protocol 2-3). Sections were then dipped (protocol

2-4) in Ilford LP4 nuclear autoradiographic emulsion, in the dark, 

using safelight light filter number 904. Dipped slides were wiped, 

laid on a cold plate for the emulsion to gel, and kept in an oven to 

dry. Dipped slides were exposed for at least four weeks,at 4C, in a 

light proof container. Exposed slides were developed (protocol 2-5) 

according to Rogers, (1969). They were then dried, poststained with 1% 

aqueous toluidine blue, mounted, and the labelled nuclei counted.
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Statistical methods

jThe significances of the differences between the mean 

labelling indices of the different regions were statistically analysed 

using the chi-square method of analysis (Goldstein, 1964;

Moroney,1951). It was computed as follows; For each region, the 

difference between the labelled nuclei and the expected number of 

nuclei was squared and then divided by the expected number of nuclei, 

and also for each region the expected number of nonlabelled nuclei was 

squared and divided by the expected number of cells. Summation of the 

resultant values gave rise to the chi-value. Referring to the 

statistical tables, the P value was deduced.

Professional statistical advise was obtained from Mr R.B. 

Newman, of the statistical clinic, Department of Statistical Sciences, 

University College.

Gizzard tubular morphogenesis

The gizzard tubular morphogenesis was examined by light 

microscopic and transmission electron microscopy using exactly the 

same method outlined earlier. Gizzards from Stage 37 (day 11) to 

hatching and day one of adult life were examined.

Tissue culture

For primary cultures of epithelial cells, gizzards of stage 

38-39 were dissected aseptically and removed to petri dishes 

containing HBSS (Gibco)solution, and the smooth muscle and the whitish 

gizzard lining removed. To separate the epithelium from surrounding 

mesenchyme, tissue fragments were transferred to 2% trypsin solution 

(Gibco) for one hour at 4 C. Tissue fragments were then transferred to
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Ca Mg free, HBSS with 10% foetal calf serum (Gibco). The epithelium 

was dissected free from the underlying mesenchyme by microdissection. 

To separate individual cells, tissue fragments were transferred to 

0.5% trypsin in Ca Mg free HBSS (Gibco) and chopped into small pieces. 

Tissue pulp was then transferred to a fresh supply of trypsin and 

sucked up and down vigorously in a wide bore pipette, alternating with 

shaking in a gyratory shaker for 20 minutes. To allow bigger pieces to 

settle, the contents were allowed to settle for a minute, and then 

slowly centrifuged (100 g) for two minutes. Then the supernatant 

which contained separated cells was spun down and the trypsin 

discarded, to be replaced with 10 mis of HBSS containing 2% foetal 

calf serum. As for the remaining tissue, the separation technique was 

repeated once, yielding another 10 ml solution of separated cells. The 

two solutions were mixed. In one of the micromass culture experiments, 

the tissue was separated by sucking up and down and then passed 

through nitex nylon mesh. In this method however, a large number of 

cells were lost in the process. The cell suspension was centrifuged 

and 1ml of growth medium (Minimal Essential Medium with Glutamate with 

25 mM Hepes Buffer(Gibco)) was added. The cells were counted in a 

haemocytometer and plated in Falcon plastic 30 mm petri dishes in the 

desired density.

For the setting up of mesenchymal cells cultures, Stage 38 

gizzards were dissected aseptically. Then the mesenchyme and smooth 

muscle was separated as far as possible from each other. The 

connective tissue was chopped to small pieces and shaken in Ca Mg free 

HBSS containing 0.5% trypsin and 0.1% collagenase at room temperature 

for one hour in a rotatory shaker. The cells were transferred to Ca Mg
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free HBSS containing 1% foetal calf serum and plated on 30 mm Falcon 

petri dishes, in growth medium 199 (Gibco) containing 2.8% bicarbonate 

(Gibco), and 10% foetal calf serum. Cultures were observed daily using 

inverted phase contrast microscopy, fixed for 1/2 hour in primary 

fixative, processed, mounted and cut for light microscopy survey and 

electron microscopy examination. All media were calibrated to a ph 

7.2-7.4 using a Coning Ph meter 125.

Fixatives

Primary fixative was 1/2 strength Karnovsky (Karnovsky,

1965) made up in 48 mis of distilled water, in the following way;

1) 1 gram paraformaldehyde dissolved in 25 ml distilled water by 

heating to no more than 60 C adding 2-3 drops of NaOH.

2) 18 ml of 0.2 M sodium cacodylate buffer.

3) 4 mis of 25% glutaraldehyde EM grade.

Osmium fixative was made up of equal parts of 2% Osmium 

tetraoxide and 0.2 M sodium cacodylate buffer so that the final 

molarity of the buffer vehicle was 0.1 M.
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protocol 2-1

Fixation, processing, and embedding protocol for light and 

electron microscopy (Karnovsky,1965)

Primary fix 2 hours or overnight in the refrigerator, 

wash in 0.1 M Na cacodylate buffer 5 minutes, 

fix in osmium tetraoxide for one hour in the dark. 

Wash in 0.1 M Na cacodylate buffer 5 minutes, 

wash in 25% alcohol 

wash in 50% alcohol 

wash in 70% alcohol 

wash in 90% alcohol 

wash in absolute alcohol

10)wash in propylene oxide

11)wash in propylene oxide / araldite 
mixture

5 minutes.

5 minutes.

5 minutes.

10 minutes X 2. 

20 minutes X 3. 

20 minutes X 3. 

45 minutes.

12) Leave in araldite overnight

13) Change to fresh araldite all day, and then block in fresh 

araldite mixture overnight in 60 C oven.

Araldite resin was made up of;

10 gm Araldite CY212 
10 gm Hardener ddsa 
0.8 gm DBP plasticizer 
0.40 gm DNB 30 hardener

In processing of autoradiographic specimens, the osmium

tetraoxide step was omitted, and a 10 minutes wash in 70% alcian

green, in the 70% alcohol step was added.
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Protocol 2-2 
Ruthenium red fixation (Luft~1971 I & II).

1-Fix for one hour in;

3.6% Glutaraldehyde 0.5ml
0.2 M Cacodylate buffer 0.5 ml
Ruthenium red stock 0.5 ml

2- Rinsed in 0.15 M cacodylate buffer over 10 min.

3- Fixed again for one hour in;
5% osmium ' tetroxide £n distilled water 0.5ml 
0.2 M cacodylate buffer 0.5 ml
Ruthenium red 0.5 ml

4- Rinse in Cacodylate buffer ,dehydrate and embed.

Protocol 2-3

Preparation of slides for autoradiography (Humason,1978) 

The slides were;

1)Soaked in cleaning solution overnight (One part of concentrated 

to ten parts distilled water).

2)Washed in tap water.

3)Washed in distilled water for one hour.

4)subbed in subbing solution (Gelatine 5 gm,dissolved in 1000 ml 

distilled water, add 0.5 gram chrome alum).

5)Dried vertically.

6)Stored in dust free box.

HCL
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Protocol 2-4

Dipping of the mounted slides in nuclear emulsion (Rogers,

1969):

Ilford L-4 nuclear emulsion, in 50 ml batches was used 

throughout the study. Dipping was done in the dark room, using 

safe light.

1) In pre-heated 43 C, water bath.

2)Emulsion was melted to measure 30 mis.

3)30 ml of 2% glycerol was added to emulsion.

4) Allowed to mix for 10 minutes.

5)Slides were dipped, once, in the vertical position.Dipped slides

were allowed to drip, while the back of the slides was wiped.

7)Slides were laid on a cool plate, for the emulsion to gel and then

dried in oven.

Dipped slides were stored in a light proof box, and exposed 

for at least four weeks, in the cold room at 4 C.

Protocol 2-5
Developing and fixing exposed slides (Rogers,1969)

In complete darkness;

1) Slides were allowed to reach room temperature.

2) Developed in D19 for 7 minutes at 20 C.

3) Washed in running tap water.

4) Fixed in amfix 1:4 for 10 minutes at 20 C.

5) Washed in running tap water for 10 minutes and rinsed in 

distilled water.
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CHAPTER 3 

Gizzard asymmetrical morphogenesis 

In adult birds, the stomach complex is made up of two parts, 

the proximal symmetrical proventriculus and the distal asymmetrically 

shaped ventriculus or gizzard. The gizzard is an asymmetrically 

shaped, grossly dilated organ with a long greater curvature and a 

shorter lesser curvature (Romanoff,1960). The epithelial endodermal 

lining is surrounded by two powerful smooth muscle aggregates, 

connected by two tendinuos fascia. Sjogren (1941) observed a blind 

pouch which subsequently elongated. Little is known about the gizzard 

asymmetrical morphogenesis. However, Bennet & Cobb (1969 I, II, & III) 

have examined the neuromuscular development of the gizzard. In this 

chapter the morphogenesis of the gizzard with particular reference to 

asymmetry was examined, using longitudinal one pm thick plastic 

sections for light microscopic examination, and ultrathin sections for 

transmission electron microscopic examination.
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Stage 20 straight tube

At this stage, the gizzard is a straight epithelial tube 

(fig.3-2, fig.3-5 a) surrounded by undifferentiated mesenchymal cells 

that are densest dorsally. The epithelium in longitudinal sections can 

be divided into a dorsal and a ventral region. Dorsally, the cells are 

tightly packed with no intercellular spaces. Ventrally the 

intercellular spaces are abundant.

STAGE 21++, 22 & 23 ; stage of evagination.

The dorsal epithelium evaginates into the dorsally condensed 

mesenchyme during stage 21 H & H and so is transformed into an 

distal bulging epithelium and a dorsal uninvaginated straight 

epithelium (fig. 3-3 & fig. 3-5 b & tab. 3-1).

When the length of the bulge region in the unfixed, 

enzymatically separated gizzard epithelium was measured and compared 

to the length of the unfixed wings, it was found that the bulge region 

growth in length, at the evagination phase,was linear. The shortest 

length of the bulge region was 100 pm (table 3-1 and fig. 3-1).

In longitudinal sections, the bulge region was made up of 

tightly packed, elongated, tall columnar epithelial cells. The nuclei 

were ovoid and oriented along the longitudinal axis of the cell. All 

the cells in the bulge developed apical cytoplasmic blebs protruding 

into the lumen. The bulge region was denser than the dorsal 

uninvaginated and ventral regions. Most of the nuclei of the bulge 

cells were found basally and few in midsheet. The bulge cells 

typically measured 50 pm in length (fig. 3-6). The bend cells had 

similar dimensions. The dorsal columnar cells measured 15-20 pm in 

length (fig. 3-8b). These figures were typical of the evagination
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phase as a whole.

Ultrastructural examination of the bulge epithelium 

(diagrammatical representation in fig. 3-15)

The bulge cells were tall elongated columnar cells,apically 

constricted and basally narrow with ovoid nuclei oriented along the 

longitudinal axis of the cell (fig. 3-6 & 3-7 a & b ;fig.3—15). At the 

apical constrictions, transverse microfilament bundles of 40-60 A in 

diameter were seen; they were thickened, straight elements, with 

electron dense opacity along their course and were attached to apical 

junctional complexes (fig.3-11 a & b, and fig. 3-14 c). Numerous 

apical cytoplasmic blebs protruded into the lumen (fig.3-6). These 

blebs extended beyond the apical constrictions. At the apical end of 

the cells, and in favourable sections at our working magnification, 

junctional complexes were seen. The outermost portion of the complex 

began at the convergence of the outer cell membrane as a narrowing in 

the intercellular space, with increase in the electron opacity of the 

cell membrane, and running a rather straight unwavy course. This 

portion may be a tight junction (Z.occludens). The next portion was of 

a wider intercellular space with adjacent cytoplasmic densification. 

This portion may be a gap junction (Z.adherens) (fig. 3-13a). The 

cells were connected laterally by desmosomes (fig. 3-13B). In the 

elongated cells the nuclei were ovoid and oriented along the 

longitudinal axis of the cell. The cellular organelles were abundant 

as Golgi apparatus, elongated mitochondria and, RER, and were oriented 

strictly along the longitudinal axis of the cells (fig. 3-12 b & fig. 

3-10). 240 A microtubules were readily observed, oriented along the 

longitudinal axis. They were long, found throughout the length of the
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cell, and in the perinuclear area, and associated closely with the 

polarised cellular organelles (fig. 3-12 b & 3-14 a). Also a thicker 

type of filaments, 100 A intermediate filaments, in bundles, were 

readily observed coursing along the longitudinal axis of the 

cells,extending down to the base of the cells. They were seen attached 

to desmosomes (fig. 3-13 b) and were thought to be epithelial keratin 

filaments (fig. 3-14 b).

The cells at the bend of the bulge epithelium 

(diagrammatical representation in fig. 3-15).

These were also polarised cells, with more pronounced apical 

constrictions (fig. 3-9) but basally wider than the bulge cells 

(fig.3-12 a & fig. 3-15). The apices of the cells were constricted, 

and at the constrictions, apical junctional complexes, which may be of 

the tight and gap junctional types, and more pronounced bundles of 

transverse circumferential microfilaments of 40-60 A were readily 

observed (fig. 3-11 c & d). Also, cellular organelles such as the 

mitochondria and the Golgi apparatus were abundant and oriented along 

the longitudinal axis of the cells. The microtubules and the 

intermediate filaments were also oriented longitudinally, and seen 

coursing to the base of the cells (fig. 3-12a) and closely related to 

the oriented cellular organelles. The nuclei were more basally 

situated.

Straight dorsal uninvaginated epithelium

This epithelial region was made up of shorter columnar 

cells, typically measuring 15-20 pm long. The nuclei were rounded and 

basally situated. Apically, the cells were connected by apical 

junctional complexes which were less extensive than those of the bulge
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region. Transverse microfilaments were seen, but were attenuated and 

thinner than those of the bulge region. Microtubules were rarely seen, 

as they were short, not polarised along any cellular axis. The cells 

rested on a thick uninterrupted basement membrane (fig. -3-8 a & b).

The ventral region was made up of cells of similar 

dimensions, with abundant intercellular spaces.

At the epithelio-mesenchymal interface, a fully developed 

basement membrane was observed that was not thinned or interrupted at 

any point. It was made up of basal lamina, lamina lucida interna, and 

lamina lucida externa (fig. 3-8a).

Stage 24-25 : stage of late evagination

This is the stage of late evagination in which the 

asymmetrical shape of the gizzard was established. The bulging 

epithelium increased in length (table 3-1 & fig. 3-1), but on the other 

hand the dorsal epithelium increased to a greater length than the 

bulge region. The bulge region maintained its cellular morphology in 

which the constituent cells were tightly packed to each other with 

extensive apical cytoplasmic blebbing, apical constriction and basal 

narrowing, with oriented, ovoid, midsheet nuclei and cellular 

organelles and cytoskeletal elements strictly polarised along the 

longitudinal axis (fig. 3-10).

Thus, as aresult of evagination (fig. 3-5), the gizzard 

attained the basic asymmetrical morphology. The evagination phase took 

24 hours to establish the basic asymmetry of the gizzard.

The dorsal undifferentiated mesenchyme was, as a result of 

evagination, also divided into a distal dorsal mesenchyme which 

overlies the bulging epithelium, and a denser dorsal mesenchyme which
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underlies the dorsal epithelium. The dorsal mesenchyme was intimately 

apposed to the base of the dorsal epithelium. The basement membrane 

was a fully developed structure made up of lamina rarae interna, basal 

lamina, and lamina rarae externa into which reticular fibres inserted.

Phase of dorsal expansion

During this phase dorsal expansion transformed the basically 

asymmetrical gizzard, established by evagination, to a dorsally 

protruding organ with a shorter ventral lesser curvature and a longer 

dorsal greater curvature (fig. 3-16, 17,18, 19, 20, & 21 sequentially

and for diagrammatical representation fig. 3-22 A & B).
Stage 26-27
At stage 26, rapid dorsal expansion of the dorsal epithelium 

and the undifferentiated mesenchyme began. From the tip of the bulging 

dorsal epithelium, a cord of epithelial cells protruded into the 

dorsal mesenchyme (fig. 3-16 a, b ;fig. 3-17 & fig. 3-22 a). This cord 

was made up of two opposing sheets of columnar epithelial cells ending 

in a smooth rounded tip (fig. 3-16 b & fig. 3-23). The lumen of the 

cord seemed obliterated. Several mitotic figures were seen in the cord 

and the distal dorsal region of the epithelium. The mesenchymal 

compartment began to develop into an outer myoblast aggregate and an 

inner tunica propria (fig. 3-16a & fig.30 a & b).

Ultrastructural examination of the invasive cord revealed a 

potential lumen in the cord (fig. 3-24). The cells were closely 

opposed but did not develop contacts across the potential lumen which 

contained amorphous material. The lining cells were polarised and 

formed a columnar epithelia. Apically they were connected by apical 

junctions and laterally by desmosomes, and they extended small apical 

cytoplasmic blebs into the lumen and short microvilli (fig. 3-24). The
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cellular organelles were abundant, and numerous small clear secretory 

vesicles were seen apically, but no secretory granules were seen. 

Numerous small rounded mitochondria were seen in the cells.

The characteristic feature of the morphology of the cord 

cells was the scanty, thin basal lamina which was sometimes 

interrupted at the distal tip (fig. 3-28 b & c & fig.3-29 a). At these 

interruptions, the basal epithelial plasma membrane showed cytoplasmic 

blebbing (fig. 3-28 b &c). These blebs were short, with a broad base, 

and contained basic cytoplasmic gel which contained some ribosomes, 

but was devoid from cellular organelles. In some of the blebs, an 

uninterrupted band of filamentous material extended across the bleb 

base, as it connected the cell body. The mesenchymal cells did not 

extend any blebs or filopodia into the epithelia.

Sometimes these blebs would make direct epithelio-

mesenchymal contacts, separated by variable space of 100A to 400A. The

apposing plasma membrane was sometimes of increased opacity (fig. 3-28 

b) but did not develop specialised junctional complexes. Only one type 

of contact developed between the epithelia and the mesenchyme. No 

mesenchymal filopodia extended into the epithelium. The blebs and 

contacts were only observed whenever there was interruption of the 

basal lamina.

The mesenchymal cells around the invading cord were small

and rounded in shape with a low nuclear to cytoplasmic ratio. The

cytoplasm was reduced to a small rim around the nucleus with a paucity 

of cellular organelles (fig. 3-23 &fig. 3-28 c). The extracellular 

space was clear and seemed devoid of fibrillar elements. Thus there 

were no reticular fibres extending into the basal lamina of the
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adjacent epithelial cells.

The epithelial lining of the other parts of the gizzard was 

made up of tall columnar cells with apical secretory granules. The 

basement membrane was a fully developed structure (fig. 3-30a).

Stage 28-30 (fig. 3-18 & fig. 3-19; fig 25 a & b)

In this stage dorsal expansion continued with the gizzard 

becoming more dorsally protruding, with a shorter lesser curvature and

a longer, dorsal greater curvature. The epithelium was invested by a

loose layer of tunica propria and an outer myoblast aggregate. 

Ultrastructural examination of the invading epithelium revealed 

characteristics of the invading epithelial cords described earlier, as 

the basement membrane at the cord was thin and sometimes interrupted 

at the distal tip(fig., 3-26 a & b; 3-29 b &c; 3-27 a & b). Through 

these interruptions basal blebbing developed, which sometimes made 

direct epithelio-mesenchymal contact (fig. 3-28 a& fig 3-25c). These 

contacts did not develop specialized junctional complexes.

The mesenchymal cells into which the epithelium was invading 

were small, and were separated from each other by a clear intercellular 

space, which contained very few fibrils. The cells in this area were 

intermediate in density, from the tightly packed myoblast aggregate and 

the less dense tunica propria cells.

Stage 31-32 (fig. 3-20)

The gizzard has increased in depth dorsally maintaining the 

basic changes in shape, with a greater dorsal curvature and a shorter 

ventral lesser curvature.

Stage 34 (fig. 3-21)

At this stage, the basic adult shape of the gizzard was
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attained. The gizzard was a dorsally protruding deep U-shaped organ 

with a ventral short lesser curvature and long dorsal curvature. At 

this stage, the dorsal epithelium was no longer organised as the 

invading tip of the epithelium seen in earlier stages. The dorsal 

epithelium was now wide lining a fully established lumen. The 

epithelial lining columnar cells were polarised towards the lumen. The 

mesenchyme investing the dorsal-most epithelium differentiated to an 

investing lamina propria and outer thin rim of smooth muscle, similar 

to the adult organ.
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DISCUSSION

Data collected in this study, have shown that gizzard 

morphogenesis passed through two phases. The first phase involved 

evagination morphogenesis during which the basic asymmetry was 

established. During the second phase, dorsal enlargement of the 

asymmetrical gizzard took place transforming the gizzard rapidly into 

a dorsally protruding organ. Following attainment of the basic overall 

morphology, further development consisted of general growth of 

constituent parts.

The evagination phase began at stage 21++ in which the 

dorsal epithelium bulged, then shifted caudally and grew over the 

following 24 hours to establish the basic asymmetrical shape of the 

organ. The morphological difference between the bulge and the dorsal 

uninvaginated epithelium was apparent. In the whole length of the 

bulge region, the cells were denser and taller than the rest of the 

dorsal epithelium. In its evagination, the focus of deformation was 

the bulge epithelium and the area of the bend which connected the 

bulge to the dorsal epithelium. The latter could be thought of as 

peripheral to the focus of evagination.

By measuring the length of the bulge region and comparing it 

to the length of the limb, it was found that the shortest length of the 

bulge was about 100 pm. The bulge continued its linear growth 

throughout evagination phase.

The cells of the bulge and the bend formed a dense, crowded, 

tall, elongated, columnar epithelia, with cells apically constricted and 

basally narrow . The cells in the bend were more apically constricted 

and with wider bases, whilst the cells in the bulge were more uniformly
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elongated with narrow bases and constricted apices. The bulge cells 

were connected by tight and gap junctional complexes with thickened 

cortical transverse circumferential bundles of microfilaments, which 

were more pronounced in the bend cells. No basal transverse 

microfilaments were seen. Microtubules, and bundles of 100 A 

intermediate filaments were polarised along the longitudinal axis, as 

was the abundant cellular organelles, like Golgi apparatus, RER and 

mitochondria. The microtubules were closely related to the cellular 

organelles.

The dorsal epithelial cells were shorter columnar cells with 

attenuated apical transverse microfilaments and rarely observed 

microtubules.

The cellular morphology was repeated in the bulge during the 

subsequent stages.

As for the second phase, expansion started at stage 26 

and continued to establish basic overall shape. It seemed that dorsal 

expansion was achieved by the area of the maximum bend of dorsal 

epithelium as it expanded dorsally. The mesenchymal cells around this 

region were small, rounded, with clear intercellular space devoid of 

extracellular material. This area did not differentiate into myoblast 

aggregate and tunica propria. The hallmark of this region was the 

development of an epithelial cord of cells where the basement membrane 

was thin, scanty and sometimes interrupted at the tip. At these 

interruptions the basal epithelial plasma membrane showed cytoplasmic 

blebbing. Sometimes these bleb would make direct epithelio-mesenchymal 

contacts. There was no mesenchymal extension into the epithelium. The 

basal epithelial blebs contacts were not extensive and were observed
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whenever there was interruption of the basal lamina.

Histological and ultrastructural results have clarified 

certain aspects of the gizzard morphogenesis. It was clear that basic 

asymmetry was attained as a result of evagination of the dorsal 

epithelium. However, the role of growth in evagination morphogenesis 

will be discussed in the next chapter.

Evagination morphogenesis was brought about by a process of 

co-ordinated cell shape change as the cells in the bulge became 

crowded, elongated, apically constricted and basally narrow, and, 

while the cells of the bend were also elongated, they were apically 

more constricted and basally wider. Therefore, there was within the 

bulge, regional variation in the shape of the cells, in addition to the 

cell shape change, as compared to that of the dorsal uninvaginated 

epithelium. The epithelial cells in the straight, uninvaginated region 

were shorter, and both wider apically and basally. The active cell 

shape changes appeared to be related to the activities and 

polarisation of the cellular cytoskeletal elements in the bulge. Thus 

changes in cell shape and consequent organ shape changes appeared to 

be brought about by changes intrinsic to the cells themselves.

Cell elongation was the hallmark of the bulge and bend 

cells, and may be related to crowding of the cells and an increase in 

lateral contacts and basal narrowing. In the elongated cells, 

microtubules were readily observed. The pattern of their intracellular 

distribution and their differential presence in the elongated cells 

during bulging and evagination morphogenesis suggested that they are 

causally correlated to cellular elongation. They were straight, long, 

and strictly polarised along the longitudinal axis of the cells and
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were readily observed closely related to the elongated and polarised 

cellular organelles.

Microtubules were consistently found in the elongating 

palisading cells of various developing organs. In addition to their 

spatio-temporal correlation to cellular elongation, their disruption 

by the drug colchicine caused the collapse of the elongated shape of 

the treated cells. The evidence implicating them in elongation seemed 

quite good. However the mechanism with which they cause cellular 

elongation was not precisely known (Burnside,1971 & 1973). In the 

bulge cells, as these elements were found near the elongated nucleus, 

and near the polarised elongated cellular organelles, it may be that 

cellular elongation was brought about by active streaming of the 

cellular elements along the longitudinal axis. Also, since they were 

long, straight and uncurved they may effect elongation by active 

elongation by adding new subunits of tubulin.

Apical constriction was also prominent in the bulge cells, 

and even more so in the bend cells. The apical cortical transverse 

microfilament bundles were seen at the apical constriction. The 

intracellular distribution, orientation and spatio-temporal 

correlation of these microfilaments to the apical constriction and 

bulging process, suggested that their contraction may bring about 

apical constriction. These microfilaments were arranged in transverse, 

circumferential bundles around the apex. Thus they were correctly 

oriented to effect such apical constriction. They were also thickened 

in the bulge and bend cells at the apical constriction, while they 

were thin and attenuated in the dorsal uninvaginated epithelium. In 

the bulge and bend cells they were also associated with more extensive
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apical junctional complexes than the short complexes seen in the 

dorsal uninvaginated epithelium.

These microfilaments are also spatio-temporally correlated 

to apical constriction in other developing organs, and their 

disruption arrests the evagination morphogenesis (Wessells et al., 

1971). The suggested method for their contraction, is the sliding 

filament hypothesis, which explained their increased thickness in the 

area of contraction and exclusion of other cellular organelles. This 

hypothesis also explained the shortening effect of their contraction.

In the narrowed bases of the bulge epithelium, no basal 

microfilament bands were seen. Basal narrowing may be related to 

crowding of the cells or result from cell elongation.

Intermediate filaments were also consistently seen polarised 

along the longitudinal axis of the cell. There was close association 

between the intermediate filaments and the microtubules. This may 

impart rigidity and stability to the bulge.

The bending process occured in the region where bend cells 

developed more pronounced apical constriction than the rest of the 

bulge cells. It is suggested that bending may be caused by the apical 

constriction of these cells which then act as a nidus for evagination, 

and that the continuous co-ordinated cell shape change in the bulge 

and bend regions, as compared to the dorsal epithelium, and the 

ultrastructural correlates, may drive the bending process throughout 

the evagination phase and not only serve to initiate it.

Similarly, in chick neurulation, the neural plate forms a 

tube by a process of cells changing shape, involving elongation and 

apical constriction of cells, and regional variation in the
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distribution of more apically constricted cells in the 

supranotochordal and medio-lateral bends (Shoenwolf, 1985; Nagele &

Lee, 1987). In chick neurulation, anti-microtubular, anti

microfilaments, and calcium antagonists, not only prevented initiation 

of cell shape changes, but caused collapse of the elevated lateral 

folds. (Smedely and Stanistreet,1986). Also, in the neurulation of the 

rodents, the elevation of the neural biconvex folds may be related to 

the shape change in the neural plate cells (Jacobson and Tam,

1982; Saddler et al., 1982). This strongly suggest that lateral fold 

elevation is brought about by forces within the neural tube.

In explaining cell shape changes, it is suggested that a 

wave of apical contraction in the bulge cells together with cell 

elongation, may have caused the shrinkage of the bulge region, which 

may increase lateral contacts and crowding of the cells in the bulge 

and bend region. Supporting this hypothesis, is the finding of at least 

a 100 pm bulge length in the earliest of evaginations which showed 

that the bulge developed rapidly. The bending process may be brought 

about by more apical constriction in the bend region.

However the role of cell proliferation will be discussed in the next 

chapter.

In the dorsal expansion phase, the gizzard expanded to one 

large, grossly dilated organ. During this phase, the cellular and 

extracellular features at the dorsal-most expanding area, which 

comprised the distal epithelium and the surrounding mesenchyme, were 

characteristic. An epithelial cord of cells developed, with the basal 

lamina thin and scanty and at times interrupted at its tip. The 

surrounding mesenchymal area was characteristically clear of
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intercellular material. The epithelial cells were columnar and 

structurally polarised. The mesenchymal cells were small, with large 

nuclear to cytoplasmic ratio. These features suggest that these cells 

were young and immature, or they are oriented with their longitudinal 

axis perpendicular to the axis of invasion.

At the basal laminar interruptions, some basal epithelial 

blebs, which were only observed in the electron microscope, were seen. 

These were only of one type. Blebs extended through the basal laminar 

interruption only. The significance of basal epithelial blebs relates 

to the mechanism of their formation and as a part of the epithelio- 

mesenchymal direct contacts observed. As these blebs developed only in 

areas of interrupted basal lamina, together with the observed band of 

filamentous material at the base of the bleb, and the presence of 

basic cytoplasmic gels only in them, together these findings suggested 

that the development of the blebs may be a passive process, as a 

result of uncoupling of the plasma membrane from the cortical 

filaments in the interior of the plasma membrane.

Epithelio-mesenchymal contacts have been observed in various 

other developing organs. Contacts were either from the epithelium to 

the mesenchyme only, or involved in reciprocal epithelium and 

mesenchymal extensions into each other. It has been suggested that 

they represent methods of mediating epithelio-mesenchymal interaction 

during differentiation; on the other hand they have also been observed 

in phases of rapid growth.

In the next chapter the role of cell proliferation in 

gizzard morphogenesis will be discussed and it will be seen if the 

observed ultrastructural features can be correlated with the pattern
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of cell division
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I
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No.OF ANIMAL STAGE LENGTH OF BULGE LENGTH OF LIMB
IN MICRONS IN MILLIMETRES

1 20 NIL. 0.58
2. 20 NIL 0.52
3. 20 NIL 0.52
4. 21 early 100 0.62
5. 21 early NIL 0.72
6. 21 125 0.70
7. 21 125 0.70
8. 21 140 0.83
9. 22 early 140 0.75
10. 22 166 1.11
11. 22 200 1.02
12. 23 270 1.77
13. 23 230 1.20
14. 23 250 1.30
15. 23 230 1.30
16. 24 310 1.77
17. 24 300 1.95
18. 24 300 1.90
19. 24 300 1.95
20. 24 275 1.75
21. 25 310 1.90
22. 25 400 2.30
23. 25 350 2.30
24. 25 300 2.35
25. 25 350 2.35

Table 3-1: measurements of length of bulge compared to length of 
limb. Both unfixed.

74



Fig 3-1. The graph shows the relationship between the length of the 

bulge epithelium and the length of the unfixed wing of the same 

animal. There was linear growth of the bulge
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Figures 3-2, 3-3, and 3-4. Evagination morphogenesis of the chicken 

gizzard.

Figure 3-2. A longitudinal section of stage 20 gizzard. The gizzard 

was made up of a straight epithelial tube surrounded by 

undifferentiated mesenchymal (mes) cells which were condensed 

dorsally. Scale bar =100 pm.

Figure 3-3. A longitudinal section of the early evagination gizzard 

at stage 23. The dorsal epithelium has evaginated into the dorsally 

condensed mesenchyme. The dorsal epithelium was made up of the 

straight uninvaginated epithelium, the area of maximum bend and the 

bulge epithelium (■&)• The focus of deformation was the bulge 

epithelium and the area of maximum bend, both shifted caudally in the 

direction of the curved arrow. The undiferentiated mesenchyme was 

closely adherent to the dorsal epithelium. Scale bar = 100 pm.

Figure 3-4. Longitudinal section at stage 24. The bulge epithelium 

shifted caudally and grew slowly in length. Thus the gizzard, by 

dorsally evaginating, became asymmetrical in shape. Curved arrow =the 

direction of bulging. Scale bar=100 pm.

V-ventral, D-dorsal, Ca-caudal, Ce-cephalic, Duo-Duodenum, P- 

Pancreas.
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Figure 3-5 A & B. Diagrammatical representation of the evagination 

stage.

A. Represents stage 20 gizzard. At this stage, the gizzard was still 

a straight epithelial tube surrounded by undifferentiated mesenchyme 

which was densest dorsally.

B. Represents evagination stage gizzard. At this stage the dorsal 

epithelium bulged dorsally.

V=ventral. D=dorsal. Ca=caudal. Ce cephalic. mes=mesenchyme. 

Duo=duodenum.

Figures not to scale.
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Figure 3-6. A low power survey electron micrograph of the bulge of 

stage 23 gizzard in longitudinal section. The bulge region was a 

densely packed area with elongated columnar cells, with extensive 

apical blebbing (b) into the lumen (L). Nuclei were ovoid, oriented 

and found basally and in midsheet. Arrow points to a slender cell 

which being favourably cut appears in toto. In the next two 

photographs, the apex and base of this cell will be shown at higher 

magnification. L=lumen, Mes=mesechyme,V=ventral epithelium. (X 960).

Figure 3-7 A. Shows the apex of the cell in fig. 3-6. It is thin and 

slender with abundant cellular organelles such as the Golgi apparatus 

(g), elongated mitochondria oriented along the longitudinal axis of 

the cell. Extensive apical blebs (b) extend into the lumen (L). (X 

4600)

Figure 3-7 B. The base of the cell in fig 3-6. It was narrow with 

elongated filaments (f) arranged in bundles and oriented 

longitudinally. The basement membrane (bm) was intact uninterrupted, 

and the mesenchyme (mes) was condensed under the epithelium.(X 4000)
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Figures 3-8 A. Cells of the straight uninvaginated dorsal 

epithelium of stage 24 gizzards. The mesenchymal cells were condensed 

dorsally and closely j abutted the epithelial cells. The basement 

membrane was thick and complete. mes=mesenchyme,Bm=basement membrane, 

E=epithelium. (X5000)

Figure,3-8 B. Stage 23 cells of the straight uninvaginated region of 

stage 23 were low cuboidal cells, with rounded nuclei, and little 

apical blebbing, rounded mitochondria, and abundant organelles which 

were not oriented along the longitudinal axis. L=lumen,Bm=basement 

membrane,mes=mesenchyme. (X4000)

83



84



Figure 3-9. The apices of cells at the area of the bend of a stage 22 

gizzard. The cells were apically constricted with extensive apical 

cytoplasmic blebbing (b), and at the constriction there were long 

segments of junctional complexes. (X4950)

Figure 3-10. The apex of the cells in the area of the bulge of stage 

24 away from the area of maximum bend, also showing apical 

constriction and extensive apical blebbing with long segments of 

junctional complexes. Note also the orientation of the cellular 

organelles along the longitudinal axis of the cells. (X 4950)
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Figures 3-11 A, B, C, & D. These show higher power of the apical 

areas of the bend cells and bulge cells, showing transverse apical 

microfilament bundles at areas of constriction.

Fig. 3-11 A. The apices of cells in the bulge region, showing apical 

blebbing (b) and transverse apical microfilament bundles (arrowhead) 

attached to junctional complexes. (X 5000).

Figure, 3-11 B. Higher power of inset in figure B showing 

microfilaments (mf) attached to junctional complexes(arrow).(X 

22500).

Fig., 3-11 C. Apical microfilaments (arrows)in the bend region where 

the apices of the cells are narrower. The microfilaments were 

circumferential, running longitudinally downwards perimembranously, 

excluding the cellular organelles. (X 22000).

Fig., 3-11 D. Apical transverse microfilaments (arrowheads) in the bend 

cells which were narrower than the apices of the bulge cells. 

Longitudinally running microtubules (open arrowhead) and 

longitudinally oriented filaments (f). (X 23000)
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Figure 3-12 A.. The cells of the bend were elongated tall and 

columnar. The cellular organelles like mitochondria were abundant and 

oriented along the longitudinal axis of the cells. Also, microtubules 

(arrows), intermediate filaments (IF) were abundant and oriented 

along the longitudinal axis of the cells. The intermediate filaments 

were arranged in bundles. The basement membrane (bm) was 

uninterrupted. (X3900)

Figure 3-12 B. In the cells of the bulge, organelles were also 

abundant and oriented along the longitudinal axis like microtubules 

(arrows), intermediate filaments (IF), Golgi(G), and RER (R) (X 

3900).
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Figure 3-13 A. An apical junctional complex from stage 24 gizzard.

The first part of the junctional complex nearest the lumen was 

characterized by close apposition of the cell membrane, a reduction 

in the intercellular space and was a rather straight segment. This 

may represent a tight junction (T). However the fusion of the 

external leaflet of the cell membrane usually seen in tight junctions 

and the point of convergence from the outer cell membrane were not 

apparent. This segment led to a dilated region which may represent a 

gap junction(G). There was cytoplasmic densification with organelle 

free region in the perimembranous area and there were some filaments 

inserting into the gap junction (X 91,000).

Fig 3-13 B. A desmosome from stage 24 gizzard epithelium with 

intermediate filaments (IF) inserting into it. (X 82,500).
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Figures 3-14 A, B, and C. Higher power micrographs of the 

cytoskeletal elements.

A. 240 A microtubules (arrows) course along the longitudinal 

axis of the cells, interspersed between cellular organelles and in 

permembranous areas of stage 23 gizzard. (X 32,000).

B- Shows bundles of 100 A intermediate filaments (IF)coursing along 

the longitudinal axis of the cells of stage 24 gizzard. Microtubules 

(arrows) were also seen coursing longitudinally, in close association 

with the intermediate filaments. (X 25,000).

C-Shows 40-60 A apical microfilaments (mf) in stage 24 gizzard (X 90, 

000).
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Figure 3-15. Diagrammatical representaion of the cytological and 

ultrastructural features of the evaginating epithelium. The bulge 

and the bend epithelium were longer than the dorsal epithelium. The 

bulge epithelium was apically constricted and basally narrow. The 

bend cells were apically more constricted and basally wider. The 

dorsal straight epithelium was cuboidal in shape. In the bulge and 

the bend cells the cellular organelles were oriented along the 

longitudinal axis of the cells. Also,there were apical transversely 

oriented microfilaments, and longitudinally oriented cytoskeletal 

elements. On the other hand, the cellular organelles in the straight 

epithelium were not oriented along the longitudinal axis.The basement 

membrane was uninterrupted throughout. Figure not to scale.

L=lumen. Bm=basement membrane. g=Golgi apparatus. mes=mesenchyme. 

N=nucleus. m=mitochondria. mt=microtubules. mf=transverse 

microfilaments. IF=intermediate filaments. V=secretory vesicles.
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Figures 3-16 A & B Stage 26. Longitudinal section of gizzard. The 

dorsal epithelium and the surrounding mesenchyme began to expand 

caudo-dorsally. From the dorsal epithelium a variable length cord of cells 

developed, which lead dorsal expansion. The cord was made up of 

polarized epithelial cells surrounding a lumen which seemed 

obliterated to variable lengths. The mesenchyme differentiated to 

inner undifferentiated tunica propria and outer myoblasts cells. The 

segregation to myoblast and tunica propria cells, occured proximally 

away from the expanding distal end. A-Scale bar =200 pm.

B-Higher power of cord in 3-16 A, showing the invasive cord. Closed 

arrowhead points to obliterated lumen. There are a number of mitotic 

figures(open arrowheads). Scale bar=50 pm.

Figure 3-17. Longitudinal section of stage 27 gizzard showing a 

small cord and segregation of the connective tissue to outer 

myoblast (my)and inner tunica propria (tp). Curved arrow points to 

direction of expansion of dorsal epithelium. Straight arrow points to 

the duodenum(du) from the pyloric region. Scale bar = 200 pm.

V-ventral, D-dorsal, Caud-caudal, du-Duodenum, my-myoblast,tp=tunica 

propria
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Figure 3-18 .

Longitudinal section through stage 28 gizzard during dorsal 

expansion. The thick arrow points to direction of expansion. (Scale 

bar = 200 pm).

Figure 3-19 .Longitudinal section through stage 30 gizzard during 

dorsal expansion. Arrow points to direction of dorsal expansion. The 

pyloric region (py) becomes progressively more proximal as the 

gizzard expands dorsally. (Scale bar =200 pm).

V-ventral, D-Dorsal, L-lumen, Pr-proventriculus, my-myocytes, tp- 

tunica propria, py-region of pyloris.
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Figure 3-20.longitudinal section of stage 31 gizzard. Scale bar-200 

pm.

Figure 3-21. Stage 3 4/ adult basic overall shape of the gizzard 

(Scale bar = 100 pm).

du=duodenum, L=lumen, my=muscle, tp=tunica propria, D=dorsal region, 

V= ventral, pr=proventriculus.
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Figure, 22 A & B Diagrammatical representation of the gizzard during 

expansion stage showing two examples of stage 26 and stage 30 

gizzard . Figures not to scale.

A- Stage 26 gizzard. From the dorsal epithelium a cord of cells (c) 

extended into dorsal mesenchyme. The mesenchyme differentiated into 

an inner tunica propria (tp)and outer myoblast regions. However, the 

region of mesenchyme ahead and around the tip of the cord remained 

undifferentiated. At the tip of the cord, the basal lamina was 

interrupted.

V=ventral, D=dorsal, L=lumen.

103



V
o o o o  O O O  0 ° 
=§==2-0 0 0 O O o Q

o T T ^ H ?roO °n I 05o;Oo° * •«B?S°.<&0 ° Jo/o0 ̂0 o0e * *\°o o o °0or 0 o o<£ o°o
o°O°°oOn0Ooo<>°(>0 /\ > s  oo00 o,« Oo /

-s n
.1 u **



Figure, 22 B. Diagrammatical representation of stage 30 gizzard. At 

this stage, the gizzard has expanded dorsally so that it is a deep 

dorsally protruding organ with a lesser ventral curvature and longer 

greater curvature. The cord (c) still leads dorsal expansion, 

with the mesenchyme around the tip still undifferentiated. The 

basement membrane of the cord cells was interrupted. Through 

interrruption basal epithelial blebbs(b) were seen V=ventral, 

D=dorsal, tp=tunica propria, shaded area =smooth muscle.
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Figure, 3-23. Shows the tip of the cord at stage 27 in which the 

lumen seemed obliterated (arrowhead). The surrounding mesenchymal 

cells are not differentiated into tunica propria and outer myocytes. 

Scale bar=50pm.

Figure 3-24 Low power micrograph of the cord at stage 26 showing that 

the lumen is present, and that the cord cells were oriented and 

polarized cells. Apically the cells were connected by junctional 

complexes (J).

(X 4600).
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Figure 3-25 A & B. Survey electron micrographs of the invasive cords 

of the gizzard.

A- Shows stage 28 invasive cord in which the lumen was

occluded (Arrowhead). The basal aspect of the epithelial cells shows

intercellular spaces. (X 350).

Mes=mesenchyme, L=lumen.

B- Shows invasive cord of stage 29 gizzard. The cord was made up 

of oriented epithelial cells surrounding a potential lumen. Mitotic 

figures were observed at the tip of the cord (Arrow). (X 350) 

Mes=mesenchyme, L=lumen.
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Figure, 3-25 C. Diagrammatical representation of the ultrastructural 

features of the invasive cord of the expanding epithelium. The cord 

was made of polarized epithelial cells surrounding a potential lumen. 

The basement membrane was thin and interrupted. Through these 

interruptions basal epithelial blebbs extended and made direct 

contact with surrounding mensenchymal cells.

Figure not to scale.

L=lumen, V= secretory vesicles, b=blebbs,F=filaments, 

Mes=mesenchyme,mt=mitochondria.
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Figure 3-26-A. A low power of the tip of the cord of stage 28. The 

extracellular space (EC)of the surrounding mesenchyme (mes) is clear 

with very little extracellular matrix material.The basement membrane 

underlying the epithelium was thin. (X 3960

Figure 3-26-B Shows a higher power of inset in fig3-21 A. The 

basement membrane (bm) was thin and scanty and at times interrupted. 

Through the interrupted regions epithelio-mesenchymal contact could 

be seen. Intracellularly, at the area of interruption of basal lamina 

there was a fibrillar bundle (arrow). (X 12000)

Figure 3-27A & B. These show the interrupted basal lamina and a 

clear extracellular space devoid of extracellular material.

A (X 12000).

B (X 14000).
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Figure 3-28 A, B, & C. These show direct epithelio-mecenhymal 

contact. Basal epithelial cells blebbed through basal laminar 

interruptions and made direct contacts with mesenchymal cells (mes). 

The blebs were made up of basic cytoplasmic gel . Contacts did not 

develop specialized complexes.

b=blebbs, arrow in (C) points to filaments at base of blebb 

A Stage 28 (X 76 000).

B Stage 26 (X 22 000).

C Stage 26 (X 15 000) .
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Figure 3-29 A. A stage 26 cord away from the tip, which was 

underlined by a thin basement membrane .(X 28 500).

Fig., 3-29 B & C Show a stage 29 basal epithelial surface of 

cord cells which was thin. 

mes=mesenchyme.

B (X 24,800).

C (X 27,800).

117



wmwm

dkf
•'•ft V 
\ '*' *

1
<*-\ , 'Km_T- >■« * '



Figure 3-30 A & B

A- shows thick uninterrupted basement membrane in the areas of the 

proximal gizzard away from the distal tip. The basement membrane was 

thick, uninterrupted, and with abundant extracellular material in the 

intercellular spaces of the tunica propria cells ( X 8840).

Figure 3-30 B- The undifferentiated mesenchymal cells of the tunica 

propria which were rounded with more abundant extracellular material 

(X 4300).

mes=mesenchyme.
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CHAPTER FOUR

The pattern of cell proliferation in gizzard asymmetrical

morphogenesis

The hallmark of chick embryonic gizzard development is 

asymmetrical morphogenesis. From a straight gut tube the gizzard 

develops into a dorsally bulging organ. The ventral surface is shorter 

with a lesser curvature and the dorsal surface longer with a greater 

curvature. In chapter 1, the histological and ultrastructural findings 

during consecutive developmental stages were described. Two phases were 

identified, the initial evagination stage and the subsequent 

enlargement, which transforms the gizzard to its basic overall shape. 

Evagination developed by a process of co-ordinated cell shape change. 

The bulge and bend epithelium were elongated and apically constricted 

and were the focus of morphogenesis and deformation, which was 

suggested to be a contractile event. Then the gizzard dorsal 

epithelium and mesenchyme have expanded to attain basic adult shape.

There is an important role of cell proliferation in 

evagination morphogenesis. On the one hand there is the concept of 

population pressure. This could be the force behind evagination as in 

the developing chicken lens, where the cell numbers increase 

exponentially as a result of cell division. If lateral spreading was 

inhibited by basal fixation of the lens cells, then organ volumes 

continue to increase, lens cells elongate and finally evaginate (Zwaan 

and Hendrix, 1973). The essential feature of this model is not whether 

the mitotic activity is high, but whether cell multiplication occurs 

in restricted confines. Similarly, Meier (1978 I &II ), invokes a 

similar mechanism in otic placode morphogenesis. The otic placode
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cells would first elongate and then invaginate to form the otic 

vesicle.

The role of cell proliferation in thyroid evagination 

morphogenesis was different. As reported by Smuts, Hilfer, & Searles, 

(1978), the thyroid placode has a lower labelling index than the 

surrounding pharyngeal epithelium initially and during evagination as 

the labelling index was lower in areas of maximum bending than the 

lateral peripheral epithelium and pharyngeal epithelium, suggesting 

that newly acquired cells were incorporated from the pharyngeal 

epithelium into the thyroid.

In the chick neural tube, cell proliferation was thought to 

be the driving force behind bending (Jelink & Friebova, 1966).

However, in the mouse tracheal bud, the organ anlage was growing 

rapidly but there was no localisation of cell division in the tracheal 

bud. Thus cell division was not responsible for evagination (Spooner & 

Wessells, 1970; Wessells 1970). Similarly, in the pancreatic bud, cell 

proliferation was not localised to the budding pancreas (Wessells & 

Cohen, 1967: Wessells & Evans, 1968). On the other hand, in the rat 

pancreas, cell division is thought to be responsible for the numerous 

evaginations that occur (Pictet et al., 1972).

In expansion morphogenesis of the gizzard, the basic overall 

morphology is attained. In expansion of the chicken lung, the 

labelling index was higher in the tips of the expanding tubules 

(Gallagher, 1986 I). In the mouse lung (Goldin & Wessels, 1979), and 

in the rat submandibular salivary glands (Bernfield & Banerjee, 1982) 

cell proliferation was localised to the tips of the expanding glands. 

However, in the quail anterior salivary glands, cell division was not



localised to any part of the expanding glands (Nogawa, 1981).

In this study,the role of cell proliferation in gizzard 

morphogenesis was examined and several questions were asked:

1) What is the pattern of cell proliferation of the epithelium during 

evagination, and how does it correlate with the ultrastructural 

findings?

2)What is the pattern of cell proliferation during enlargement,and is 

it localized ? How does it correlate with the ultrastructural 

findings?

3)Where are new cells added, and does the location contribute to the 

change in morphology?

4)What is the pattern of cell proliferation in the connective 

tissue,in particular in relation to expansion?

Light microscopic tissue sections of gizzards from stages 20 

H&H through to stages 31-32 were examined autoradiographically, after 

injecting them with tritiated thymidine. Labelling indices of the 

various regions was counted and the differences, where necessary, 

statistically evaluated.
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RESULTS

Pre-evagination stage; Stage 20 H & H 

This is the stage in which the gizzard anlage was still a 

straight tube composed of a central lumen surrounded by a layer of 

columnar epithelial cells, and undifferentiated mesenchyme which was 

condensed dorsally (fig. 4-1 & fig. 4-4 a).

The total mean labelling index of the epithelium was 

28.4%.As shown in table 4-1 the total mean labelling index of the 

dorsal epithelium (30.00%) was slightly higher than the total mean 

labelling index of the ventral epithelium(26.6%).This difference was 

significant,using Chi-square analysis.

As noted in table 4-1, one of the animals showed a higher 

labelling index in the ventral epithelium than in the dorsal 

epithelium. Is this likely to have arisen by chance? A paired t-test 

was used to test the significance of this difference. Our calculation 

show t=1.212 and consulting statistical tables; P at 3 degrees of 

freedom lies <0.05.Thus in this case the increase in ventral 

epithelium labelling index was not significant.

Stage of early evagination,Stage 22 H & H 

Figures 4-2 & 4-4b shows the different anatomical 

areas counted. As shown in table 4-2, the total labelling index of the 

epithelium was 24.00% and total mean labelling index of 

undifferentiated mesenchyme was 28.3%(table 4-2E). A highly 

significant difference between labelling indices of the different 

epithelial regions was found.

To elucidate which anatomical area was contributing to this 

large difference,and to specify the correlation between the labelling
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indices of these parts,the following were calculated.

1-There was no significant difference between the labelling 

index of the ventral and dorsal epithelium (without dividing it to 

bulge and dorsal) (table 4-2 A).

2- The total labelling index of the bulging epithelium was 

lower than the total labelling index of the ventral epithelium. The 

difference was highly significant (table 4-2B).

3-The total labelling index of the bulging epithelium was 

lower than the total labelling index of the dorsal epithelium. The 

difference was highly significant (table 4-2C).

4-There was no significant difference between total 

labelling index of ventral and dorsal epithelium (excluding bulging 

epithelium) as shown in table 4-2D.

Thus the total labelling index of the bulge was highly 

significantly lower than the rest of the epithelial walls.

As noted in table 4-2, one of the animals showed a higher 

labelling index in the bulging epithelium than in the ventral 

epithelium. Is this likely to have arisen by chance? Using paired t- 

test to test the significance of this difference, our calculation 

showed that in this case the increase in the bulge labelling index was 

not significant.

As a result of dorsal epithelial evagination, the dorsal 

undifferentiated mesenchyme was divided to a distal, dorsal mesenchyme 

and a proximal, dorsal, undifferentiated mesenchyme. These two areas 

underlay the bulging epithelium and the dorsal part of the epithelium 

respectively. As shown in table 4-2E, the labelling index of the 

proximal dorsal mesenchyme was two-folds higher than the distal dorsal
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mesenchyme labelling index

Thus in early evagination the bulging epithelium labelling 

index was reduced about twofolds in relation to (its predecessor)the 

dorsal epithelium of the pre-evagination straight gizzard. It was 

also lower than the labelling index of the dorsal and ventral 

epithelium in early evagination. The latter two parts maintained 

similar labelling indices levels to their pre-evagination 

predecessors,and to each other. Also,the labelling index of the 

mesenchyme underlying the bulging epithelium was lower than the 

labelling index of the mesenchyme underlying the dorsal epithelium.

It is suggested that the epithelium bulges into a low resistance 

(distal-dorsal) undifferentiated mesenchyme.

Stage of late evagination,S 24

This is the late evagination stage. At this stage a discrete 

anatomical area at the tip of evagination was counted in a separate 

category. It is the area of the maximum bend of dorsal evagination 

(fig. 4-3 & fig. 4-4c). The labelling index of the lining epithelium was 

29.3%, and the labelling index of mesenchyme was 28.3% (table 4-3).

As shown in table 4-3, a highly significant difference 

between total labelling indices of the four parts of the epithelium 

was found. Table (4-3 A) depicts the chi-values for computation of 

significance of difference between total labelling indices of two 

areas, with the exclusion of other parts. This procedure was followed 

to specify the correlation of the labelling indices of the individual 

parts in relation to each other. The following was found :

1-A highly significant difference between a higher labelling 

index of maximum bend of evagination epithelium and the ventral and
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bulging epithelium, and a significant difference between a higher 

labelling index of the area of maximum bend of evagination and the 

dorsal epithelium labelling index.

2-A highly significant difference between the lower 

labelling index of the bulging epithelium and the higher labelling 

index of the ventral and dorsal epithelium.

3-A similar labelling index of the ventral and dorsal 

epithelium although they were statistically just significant.

The undifferentiated mesenchyme was divided into distal and 

proximal dorsal mesenchyme regions, separated by the evagination 

epithelium, and also a ventral compartment adjacent to the ventral 

epithelial lining. As shown in table (4-3B), the distal dorsal 

mesenchyme was about twofolds lower than the proximal dorsal 

mesenchyme.

Thus during late evagination stage,the labelling index of 

the bulging dorsal epithelium was again lower than the dorsal 

epithelium .

This pattern of cell proliferation observed at stage 24 

is similar to the cell proliferation pattern at early evagination 

stage(S 22).Thus,a pattern of reduced labelling index in the bulging 

epithelio-mesenchymal block and higher labelling index of the dorsal 

epithelio-mesenchymal area was evident. These are the features of the 

cell proliferation pattern of the evagination morphogenesis,covering 

from pre-evagination stage to the late evagination at S 24.

At this particular stage there was a higher labelling index 

of the cells at the region of maximum bend of the evagination than the 

labelling index of the three other parts of the epithelial lining.
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Thus a focus of epithelial cells with a capacity for rapid cell 

proliferation becomes evident at stage 24.Thus prior to overt 

enlargement,rapidly proliferating cells could be detected at the tip 

of the dorsal epithelium.

Stage of beginning of rapid enlargement. Stage 26;fig. 4-5,

& 4-9A

This stage marks the beginning of the overt enlargement of 

the gizzard dorsally. The dorsal enlargement would continue until the 

basic overall shape is developed. Also, the connective tissue develops 

into a smooth muscle aggregate separated from the epithelium by a 5-6 

cell layer of tunica propria. The area of the maximum bend of dorsal 

epithelium lacks the surrounding smooth muscle, and it is surrounded 

by undifferentiated mesenchyme throughout development. Thus the 

massive smooth muscle comes to occupy the dorsal walls of the gizzard 

distally, and proximally to the evaginating dorsal epithelium. The 

labelling index of the lining epithelium was 23.6% (table 4-4). The 

mean labelling index for connective tissue was 23.6% (table 4-4 A).

Table (4-4) shows the labelling indices of the four 

categories of the epithelium lining the walls. The area of maximum 

bend of the dorsal epithelium labelling index was higher (32.5%) than 

the other epithelial parts; findings similar to the previous stage 

(compare tables 4-3 & 4-4).

However, two changes in the labelling index of the other 

epithelial parts were observed;

1-About a twofold decrease in the labelling index of the 

ventral epithelium as compared to S 24. This reduction makes the 

ventral epithelial lining the part with the lowest labelling index.
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2-The labelling index of the dorsal epithelium decreases in 

relation to previous levels. Thus the difference between its new 

levels and the bulging epithelium labelling index becomes 

insignificant (table 4-4B).

As a result of this change in the labelling indices of the 

different regions, fewer cells were added ventrally, while more cells 

were added in the lateral walls and the highest number of cells were 

added in advancing region of maximum bend.

As shown in table 4-4A,the labelling index of the 

undifferentiated mesenchyme surrounding the advancing region of 

maximum bend was the highest among the connective tissue elements. The 

combination of rapidly proliferating epithelium and the rapidly 

proliferating surrounding mesenchyme constitute the advancing dorsal- 

most epithelio-mesenchymal area of the gizzard to which the process of 

dorsal enlargement into a conical shape gizzard can be attributed .

It is shown that at this stage of development, a pattern of 

cell proliferation that contributed causally to the overall shape of 

the gizzard becomes established. The hallmark of this pattern is the 

rapid cell division in the epithelium at the the dorsal-most region
t)

and the surrounding undifferentiated mesenchyme.

As for the labelling index of the smooth muscle 

aggregate,it was found to be higher than the tunica propria labelling 

index. It was also higher than the labelling index of the distal- 

dorsal undifferentiated mesenchyme in earlier evagination stages. Thus 

an increase in labelling index of the distal-dorsal mesenchyme takes 

place as it differentiates into the smooth muscle occupying the distal 

walls. Conversely,the labelling index of the smooth muscle aggregate
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was lower than the labelling index of its predecessor, the dorsal 

undifferentiated mesenchyme.

Stage of sustained rapid enlargement. S 27,fig. 4-6 

The labelling index of the epithelial lining was 28% (table

4-5).The mean labelling index of the connective tissue compartment was 

28.2% (table 4-5A).

The pattern of high labelling index at the epithelial 

dorsal-most region as compared to the proximal epithelial region 

continued. Also the labelling index of the mesenchyme at the dorsal- 

most region continued to be higher than the proximal undifferentiated 

mesenchyme and the myoblast aggregate. The labelling index of the 

anterior dorsal and posterior dorsal epithelial regions, which were 

the bulge and the dorsal regions during the evagination stage, was not 

significantly different from each other. The labelling index of the 

ventral lining was the lowest of the epithelial labelling indices 

(table 4-5). Thus a similar gradient and spatial correlation between 

the epithelium and surrounding mesenchyme was observed.

Also the labelling index of the smooth muscle aggregate was 

found to maintain similar labelling index to previous stage.

Stage of sustained enlargement,stage 28; fig. 4-9b 

The labelling index of the epithelium was 21.5% (table 4- 

6). The mean labelling index of the mesenchyme was 29.3% (table 4-6A). 

The highest labelling index was still found in the most dorsal region 

of the dorsal epithelium (35.6%), and similarly for the dorsal-most 

undifferentiated mesenchyme(34.3%).The labelling index of the 

epithelium lining the two dorsal walls was again found to be not 

significantly different from each other,and lower than the labelling
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index at the dorsal-most region. The lowest labelling index of the 

epithelium was that lining the ventral wall. The labelling index of 

the smooth muscle aggregate was similarly higher than the tunica 

propria,and contributed to the size of the muscle.

Stage 29-30; fig. 4-7 

Two animals were examined at this stage. The same pattern 

as the previous stage was found (Table 4-6).

Stage 31-32;fig. 4-8 

Two animals were examined at this stage. The dorsal-most 

epithelial lining is seen to lower its labelling index to a total of 

16.7% (Table 4-8). The pattern was repeated for the other parts of the 

gizzard lining,in that the lowest labelling index was in the ventral 

lining(5.8%) and the labelling index of the dorsal and bulge was 

reduced to 12.7%(table 4-8).However it was observed that the 

mesenchymal cells surrounding the most dorsal part of the dorsal 

epithelium still had a relatively high labelling index 

(Table 4-8A).
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DISCUSSION

The pattern of cell proliferation during gizzard 

morphogenesis correlated with the morphogenetic stages of evagination 

and enlargement that led to the development of the overall basic 

morphology from a pre-evagination straight gut tube. In the first 

phase, prior to evagination, the gizzard was still a straight 

epithelial tube with dorsally condensed mesenchyme, in which the 

dorsal epithelium cell proliferation was slightly higher than the 

ventral epithelium. The second phase correlated to the evagination 

morphogenesis stages and covered from stage 22 to late evagination at 

stage 24, in which the cell proliferation rate of the bulge was 

reduced twofolds. The third expansion phase began was characterised 

by localisation of rapidly proliferating cells to the dorsal-most 

region of the dorsal expanding epithelium.

During the first phase, prior to evagination (S 20), the 

labelling index of the dorsal epithelium (site of future evagination) 

was slightly higher than the ventral epithelium labelling index. Thus 

the cell proliferation pattern of the gizzard prior to morphogenesis 

showed that the gizzard was growing at a rapid rate, but there was 

little localisation in the dorsal epithelium prior to its evagination. 

This pattern was the opposite to that seen in the chicken thyroid 

(Smuts, Hilfer & Searles , 1978) in which the pre-evagination and 

evagination rate of cell proliferation was lowest, but it was similar 

to the pattern of cell proliferation of the tracheal bud which grew at 

a rapid rate but without localisation of cell proliferation ( Wessells, 

1970; Spooner & Wessells, 1970).

In the following evagination phase,the pattern of cell
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proliferation has changed from a uniform rate of cell division, while 

the gizzard anlage maintained its rapid growth throughout, as it 

increased in volume and cell number. The cell division rate of the 

bulge epithelium was reduced twofolds from its pre-evagination levels 

and also as compared to the dorsal uninvaginated epithelium. This 

pattern of cell division was maintained throughout the evagination 

stages. It is noteworthy at this point to recall that the bulge and 

the bend regions is where cells changed shape as they became 

elongated, tall epithelial cells with highly polarised longitudinally 

oriented microtubules and transverse apical microfilaments. The bulge 

and bend epithelium were considered as the focus of evagination, and 

the dorsal epithelium was considered "peripheral'1 to the evagination.

It was shown that growth and cell proliferation during 

evagination morphogenesis was reduced in the evaginating region, in 

which cell shape differences were suggested to cause active organ 

shape change. Thus, evagination morphogenesis was not brought about by 

growth and cell proliferation, but may be brought about by a 

mechanical contraction of the bulge cells. Therefore, basic asymmetry 

of the gizzard was not produced by cell proliferation, thus clarifying 

the role of cell proliferation in asymmetrical morphogenesis of the 

stomach.

The gizzard maintained its general growth during the 

evagination phase as the different regions grew, but not at a similar 

rate. The bulge region grew in length linearly but at a slower rate 

than the dorsal and the ventral regions.

The observed higher cell proliferation rate in the dorsal 

un-invaginated epithelium may have a morphogenetic role in
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evagination still. It is suggested that, as more cells were being 

added in the dorsal straight epithelium, it may accommodate the 

evagination of the bulge and its caudal shift. This effect may be 

exerted after the bending process has already taken place.

Thus growth and cell proliferation in evagination 

morphogenesis of the gizzard has an important role. The evagination 

may be brought about by interplay of several physical factors.

The dorsal undifferentiated mesenchyme was divided into a 

distal-dorsal region that underlay the bulging epithelium,and a 

proximal-dorsal region,that underlay and closely apposed the dorsal 

part of the evagination dorsal epithelium. The distal undifferentiated 

mesenchyme labelling index was found to be lower than the dorsal 

undifferentiated mesenchyme labelling index.

It is evident during evagination that the epithelium was 

bulging into a mass of undifferentiated mesenchyme that showed lower 

cell proliferation rate than the undifferentiated mesenchyme 

underlying the non-evaginating, rapidly proliferating epithelium. It 

is suggested that the evaginating epithelium bulges into a low 

resistance area.

In the enlargement phase, the gizzard enlarged dorsally, 

resulting in the attainment of the basic overall shape,which was 

dorsally protruding with a dorsal greater curvature and a ventral 

lesser curvature. The process of dorsal enlargement began at stage 

26, when the regions of maximum bend of the dorsal epithelium 

protruded dorsally into surrounding undifferentiated mesenchyme. It 

always has a high rate of cell proliferation. Important 

ultrastructural features were observed related to the advancing
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epithelium and its associated mesenchyme, where, at the cord, a thin 

basement membrane was detected, and at its tip the basement membrane 

was also interrupted. Through the attenuated, interrupted, basement 

membrane, direct epithelio-mesenchymal cell-to-cell contacts were 

observed. At the end of this phase ,the gizzard has attained it basic 

overall shape.

At stage 24,the labelling index of the epithelial cells at 

the tip of evagination was higher than the rest of the epithelium.

This localised cell proliferation was the hallmark of the cell 

proliferation pattern of enlargement morphogenesis, when a population 

of rapidly dividing epithelial cells was observed throughout expansion 

phase localised to the distal region of the expanding epithelium.

Thus,its detection at S 24 marked the beginning of the third phase, 

although overt enlargement began later at stage 26.

Thus, during gizzard expansion, localised cell proliferation 

to the distal dorsal expanding epithelium contributed crucially to 

changes in morphology. Also, the surrounding mesenchymal cells divided 

rapidly. Thus newly added cells at the dorsal epithelium and the 

surrounding mesenchyme were causally correlated to dorsal protrusion 

of the gizzard. Furthermore, as new cells were also added at the 

dorsal lateral epithelial walls at a significant rate, it is suggested 

that this continuous incorporation of cells effectively allows the 

newly added cells at the distal dorsal region to be incorporated into 

new areas,thus rapidly altering the shape of the organ.

The localisation of rapid cell proliferation at the distal 

dorsal region of the epithelium was the mechanism of organ shape 

change as the gizzard expanded dorsally. The role of cell
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proliferation in this phase was different from that seen in the 

evagination phase, where evagination was not brought about by cell 

proliferation.

The role of cell proliferation in gizzard expansion was 

similar to the role of cell proliferation in other expanding 

epithelio-mesenchymal organs. In the gizzard, however, the population 

of the rapidly dividing cells was not localised to the tip of the 

cord of the advancing epithelium, rather it was diffusely distributed 

in a larger region in the distal dorsal epithelium. Thus rapid cell 

proliferation was correlated to the attenuation and interruption of 

the basal lamina observed at the cord.

It is also suggested that the observed thick uninterrupted 

basement membrane and the abundant extracellular material proximally 

may constrain the proximal regions, whereas the scanty basal lamina and 

extracellular material at the tip direct the epithelial expansion.

This is similar to the suggested role of the extracellular material 

in the elongating quail anterior submaxillary salivary gland, where 

the basement membrane was intact proximally and attenuated distally. 

This was suggested to bring about mechanical constraint proximally, 

and less resistance distally, and thus influence directionality of 

expansion (Nogawa, 1981; Nogawa & Mizuno,1981).
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TABLE 4-1 .
STAGE 20.PREVAGINATION GIZZARD(STRAIGHT TUBE)(fig.,4-1 & 4-4a). 

TRITIATED THYMIDINE LABELLING INDEX.

ANIMALS TOTAL CELLS COUNTED/LABELLED CELLS.

TOTAL PER ANIMAL 
MLI

MEAN LABELLING INDEX(M.L.I.) 
VENTRAL DORSAL

570/152 655/217 
26.6% 33.1%

566/145
25%

267/84 
31.5%

147/32 
21.8%
1550/413
26.6%

TOTAL PER STAGE & MLI 3281/933

636/186
29.2%

259/75
28.9%

181/42
23.2%

1731/520
30%

28.4%

TOTAL CHI VALUE 4.63
VALUE OF P P<0.05

95%CONFIDENCE INTERVAL 26+2.2 30+2.156

Total labelling index significantly higher in the dorsal epithelium 
than in the ventral epithelium.
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TABLE 4-2
STAGE 22.EARLY EVAGINATION GIZZARD.(fig.4-2 & fig 4-4 b) 

EPITHELIAL LINING LABELLING INDEX.

ANIMAL TOTAL CELLS COUNTED/LABELLED CELLS 
AND MEAN LABELLING INDEX (M.L.I)

VENT
590/196
33.2%

DORSAL
539/176
32.7%

BULGE
474/95
20%

554/177 
31.9%

534/145
27.2%

348/82
23.6%

668/118
17.7%

500/120
24%

548/79
14.4%

306/60
19.6%

211/73
34.6%

264/65
24.2%

TOTAL PER ANIMAL 
MLI

2118/551
26%

1784/514
28.8%

1634/321
19.6%

TOTAL PER STAGE & MLI 5536/1341 24%

TOTAL CHI VALUE 
VALUE OF P

39.94
P<0.001

95%CONFIDENCE INTERVAL 26+1.87 28.8+2.1 19.6+1.93

HIGHLY SIGNIFICANT DIFFERENCE BETWEEN LABELLING INDICES OF INDIVIDUAL 
PARTS.
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TABLE 4-2A.
STAGE 22. (fig 4-2 & 4-4 b).

CHI-SQURE ANALYSIS OF DIFFERENCE BETWEEN LABELLING INDEX OF VENTRAL 
EPITHELIUM AND DORSAL EPITHELIUM AS A WHOLE.

VENTRAL AND DORSAL

TOTAL CHI VALUES 3.82
VALUE OF P P>0.05

NO SIGNIFICANT DIFFERENCE

TABLE 4-2B 
STAGE 22. (fig 4-2 & 4-4 b)

CHI-SQUARE ANALYSIS OF DIFFERENCE BETWEEN LABELLING INDEX OF VENTRAL 
EPITHELIAL LINING AND BULGING EPITHELIUM.

VENTRAL LINING AND BULGE

TOTAL CHI VALUE 20.98
VALUE OF P P<0.0001

HIGHLY SIGNIFICANT.

TABLE 4-2C 
STAGE 22. (fig 4-2 & 4-4 b)

CHI-SQUARE ANALYSIS OF DIFFERENCE BETWEEN LABELLING INDEX OF DORSAL 
EPITHELIUM AND BULGING DORSAL EPITHELIUM.

DORSAL AND BULGE EPITHELIUM 
TOTAL CHI VAL 38.8
VAL OF P P<0.0001

HIGHLY SIGNIFICANT DIFFERENCE.

TABLE 4-2D 
STAGE 22. (fig 4-2 & 4-4b)

CHI-SQUARE ANALYSIS OF DIFFERENCE BETWEEN LABELLING INDEX OF DORSAL 
EPITHELIUM AND VENTRAL EPITHELIUM.

VENTRAL AND DORSAL EPITHELIUM

TOT CHI VALUE 3.82
VALUE OF P P>0.05

NO SIGNIFICANT DIFFERENCE
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TABLE 4-2E.
STAGE 22 (fig4-2)

LABELLING INDEX OF UNDIFFERENTIATED MESENCHYME.(fig4-2 &4-4b).

ANIMAL VENT M DORSAL M DIS DOR M

1 748/246 900/279 648/101
32.9% 31% 15.6%

2 878/346 1196/384 312/34
39.4% 32.1% 10.9%

3 318/118 635/169 616/89
37.1% 26.6% 13.6%

PER STAGE AND MLI 6251/1766 28.3%

Vent M = Ventral mesenchyme 
Dorsal M=Dorsal mesenchyme.
Dis Dor M= Distal dorsal mesenchyme.

TABLE 4-3.
STAGE 24.LATE EVAGINATION GIZZARD (fig4-3 & 4-4c). 

EPITHELIAL LINING LABELLING INDEX.
ANIMAL VENT DORSAL BULGE AREA OF BEND- 

DORSAL MOST 
EPITH

1 136/24
17.6%

213/53
24.9%

246/54
22%

370/145
39.2%

2 241/59
23.9%

368/125
34%

356/59
16.6%

150/51
34%

3 484/117
24.2%

242/75
31%

312/69
22.1%

398/120
30.2%

4 389/134
34.4%

358/132
36.9%

392/102
26%

183/84
40%

5 269/84 
31.8%

329/98
29.8%

89/24
27%

90/39
43.3%

TOTAL
MLI

PER ANIMAL 1520/418
27.5%

1510/483
32%

1395/308
22.1%

1191/439
36.9%

TOTAL PER STAGE & MEAN 5616/1648 29.3%
LABELLING INDEX

TOTAL CHI VALUE 
VALUE OF P

75.54 
P <0.001

95% CONFIDENCE INTERVAL 27.5+2.24 32+2.35 22.1+2.17 36.9+2.73
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TABLE 4-3A
STAGE 24.LATE EVAGINATION GIZZARD (fig4-3).

RESULTS OF COMPUTATIONS OF SIGNIFICANCE OF DIFFERENCE IN THE LABELLIING 
INDEX BETWEEN INDIVIDUAL PARTS,IN ORDER TO ELUCIDATE WHICH PART IS 
CONTRIBUTING TO THE HIGH CHI-SQUARE VALUE OBSERVED IN TABLE 4-3 ABOVE.

BULGE & TIP 
68.3 
P<0.0001
HIGHLY SIGNIFICANT

TOT CHI VALUE 
VALUE OF P

VENT &
7.3
1*30.05
SIGNIFICANT

DORSAL

DORSAL & TIP VENT & BULGE
7
P<0.05
SIGNIFICANT

TOT CHI VALUE 
VALUE OF P

11.43
P<0.01
HIGHLY SIGNIFICANT

VENT & TIP DORSAL & BULGE

27
P0.001
HIGHLY SIGNIFICANT

TOT CHI VALUE 
VALUE OF P

35.9
P<0.00
HIGHLY SIGNIFICANT

TABLE 4-3B
STAGE 24.LATE EVAGINATION GIZZARD (fig4-3 & 4-4c). 

LABELLING OF UNDIFFERENTIATED MESENCHYME.

ANIMAL VENT M DORSAL M DIS DO M

1 55/11 1138/356 708/163
22% 31.3% 23%

2 184/84 2035/614 655/123
45.7% 30.1% 18.8%

3 139/67 280/108 487/83
50% 38.5% 17%

TOTAL CELLS/LAB CELLS 378/162 3453/1078 1850/369
MEAN LABELLING INDEX 47.9% 31.2% 19.9%

VENT M= VENTRAL MESENCHYME
DORSAL M= DORSAL MESENCHYME
DIS DO M = DISTAL DORSAL MESENCHYME
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TABLE 4-4.

STAGE 26.ENLARGEMENT STAGE (fig., 4-5 &4-9a)
LABELLING INDEX OF THE EPITHELIAL LINING.

ANIMAL VENT DORSAL BULGE DORSAL MOST
EPITH.

1 148/30 348/84 300/61 373/144
20.3% 24.1% 20.3% 38.6%

2 125/10 320/80 238/62 141/52
8% 25% 26.1% 36.9%

3 206/22 204/40 157/27 479/122
10.7% 19.6% 17.2% 25.5%

4 130/18 152/30 160/30 97/36
13.8% 19.7% 16.3% 37.1%

TOTAL PER ANIMAL 609/80 1024/234 855/176 1090/354
MEAN LABELLING INDEX 13.1% 22.9% 20.6% 32.5%

TOTAL PER STAGE AND 3578/844 23.6%
MEAN LABELLING INDEX

95%CONFIDENCE INTERVAL 13.1+2.68 22.9+2.57 20.6+2.71 32.5+2.78

TABLE 4-4A.

STAGE 26.STAGE OF ENLARGEMENT (fig., 4-5 & 4-9a). 
LABELLING INDEX OF THE CONNECTIVE TISSUE ELEMENTS.

ANIMAL SMC T .PROP DORSAL MOST MES

1 1768/377 838/139 1088/381
21.3% 16.6% 35.1%

2 493/166 212/32 220/92
33.7% 15.1% 41.7%

3 260/38 420/40 170/50
14.6% 9.5% 29.4%

4 580/116 388/35 258/112
20% 13.2% 36.6%

PER STAGE & MLI 6695/1578 23.6%

SMC = SMOOTH MYOBLASTS. MES = MESENCHYME .
T .PROP = TUNICA PROPRIA.
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STAGE
CHI-SQUARE TEST

TOT CHI VALUE 
VALUE OF P

TABLE 4-4B.
26.STAGE OF ENLARGEMENT (fig., 4-5).
OF SIGNIFICANCE BETWEEN THE DORSAL AND BULGE 
EPITHELIUM LABELLING INDEX.

DORSAL AND BULGE

1.422
P>0.05

NO SIGNIFICANT DIFFERENCE.
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TABLE 4-5.

STAGE 27.STAGE OF ENLARGEMENT.(fig.,4-6)
LABELLING OF THE EPITHELIAL LINING.

ANIMAL VENT POST
DORSAL

DORSAL
ANTERIOR

DORSAL MOS: 
EPITH.

1 323/67
20.6%

322/78
24.2%

567/136
24%

300/124
41.3%

2 364/71
19.5%

632/148
23.4%

208/48
23.1%

486/174
35.8%

3 170/30
17.6%

124/32
25.8%

128/38
29.7%

280/126
45%

4 214/41
19.2%

389/97
24.9%

204/56
27.5%

328/145
44.4%

TOTAL PER ANIMAL 
MLI

1071/209
19.5%

1467/355
24.2%

1107/278
25.1%

1394/569
40.8%

TOTAL PER ANIMAL 
MLI

5039/1411
28%

95%CONFIDENCE INTERVAL 19.5+2.37 24.2+2.19 25.1+2.55 40.8+2.58

STAGE 27.LABELLING 

ANIMAL

TABLE 4-5A.
INDEX OF THE CONNECTIVE TISSUE ELEMENTS, 

(fig.,4-6)
SM T.PROP DORSAL MOST MES

1 778/168
21.6%

396/76
19.2%

948/348
36.7%

2 423/91
21.5%

646/102
15.8%

790/301
38.1%

3 350/75 
21.4%

192/34
17.7%

482/218
45.2%

TOTAL PER ANIMAL 
MLI
TOTAL PER STAGE 
MLI

1551/334 1234/212 
21.5% 17.2% 
5005/413 
28.2

2221/867
39%

95% CONFIDENCE INTERVAL 21.5+2.05 17.7+ 2.1 45.2+2.02

SM = SMOOTH MUSCLE. T.PROP = TUNICA PROPRIA.



TABLE 4-6.

STAGE 28 (fig 4-9 b).LABELLING INDEX OF THE EPITHELIAL LINING.

ANIMAL VENT POSTERIOR ANTERIOR DORSAL MOST
DORSAL DORSAL AREA

TOTAL PER ANIMAL 
MLI

TOTAL PER STAGE 
MLI

95%CONFIDENCE INTERVAL

448/56
12.5%

396/48
1 2.1%
844/104
12.3%

3236/697
21.5%

512/104
20.3%

188/32
17%

700/136
19.4%

596/98
16.4%

228/50 
21.9%

824/148
18.9%

532/187
35.2%

336/122
36.3%

868/309
35.6%

12.3+2.22 19.4+2.93 18.9+2.62 35.6+3.18

TABLE 4-6A.

STAGE 28. LABELLING INDEX OF THE CONNECTIVE TISSUE ELEMENTS.

ANIMAL SM T. PROP DORSAL ]

1 270/74
27.4%

183/18
9.8%

439/168
38.3%

2 178/45
26.3%

230/53
23.1%

816/262
32.1%

TOTAL PER ANIMAL 
MLI

448/119
26.6%

413/71
17.2%

1255/430
34.3%

TOT PER STAGE 
MLI

2116/620
29.3%

95%CONFIDENCE INTERVAL 26.6+4.1 17.2+3.64 34.3+2.63

SM = SMOOTH MUSCLE. T. PROP = TUNICA PROPRIA.
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TABLE 4-7

STAGE 29-30.LABELLING INDEX OF THE EPITHELIAL LINING.
(fig.,4-7 & 4-9B)

ANIMAL VENT POST ANTERIOR DORSAL MOST
DORSAL DORSAL AREA.

1 158/29 223/31 304/43 487/166
18.4% 13.9% 14.1% 34%

2 189/24 312/45 393/65 631/206
12.7% 14.4% 16.5% 33.2%

TOTAL PER ANIMAL 347/53 535/76 700/108 1118/372
MLI 15.3% 14.2% 15.4% 33.3%

95%CONFIDENCE INTERVAL 15.3+3.79 14.2+3 15.4+2.68 33.3+2.76

TABLE 4-7A 
(fig.4-7 & 4-9B)

STAGE 29-30.TOTAL LABELLING INDEX OF THE CONNECTIVE TISSUE

TOT CELLS/LAB CELLS SMC T PROP DORSAL MOST MES.
643/47 650/117 1030/399
7.3% 18.5 % 28.3%

TABLE 4-8

STAGE 31-32 (FIG 4-8).LABELLING INDEX OF THE EPITHELIAL LINING.

ANIMAL VENT DORSAL WALLS DORSAL-MOST
EPITH

1 420/29 540/112 641/140
6.9% 20.7% 21.8%

2 693/35 2633/290 1399/201
5.1% 11% 14.4%

TOTAL PER ANIMAL 1113/64 3173/402 2040/341
MLI 5.8% 12.7% 16.7%

95 % CONFIDENCE INTERVAL 5.8%+1.37 12.7%+1.2 16.7% +1.62

TOTAL PER STAGE 6336/807
MLI 12.7%
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TABLE 4-8A.

STAGE 31-32.LABELLING INDEX OF THE CONNECTIVE TISSUE.

TOTAL PER STAGE 
MLI

SM = SMOOTH MUSCLE.

SMC T.PROP
130/10 188/38
7.7% 17.5%

T.RPOP. TUNICA PROPRIA.

DORSAL-MOST MES
292/131
44.86%
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Figure 4-1. Autoradiograph of stage 20 gizzard in longitudinal 

section. The gizzard was still a straight tube. The darkly stained 

nuclei are labelled nuclei. Scale bar = 50 pm.

Figure 4-2.

Autoradiograph of stage 22 gizzard cut in longitudinal section.

The dorsal epithelium has evaginated into condensed mesenchyme. As a 

result of evagination the dorsal mesenchyme is divided into distal 

dorsal mesenchyme (dm) and a proximal dorsal mesenchyme (pdm). Note 

less labelling of nuclei in the distal dorsal region. Scale bar = 50 

pm.

Figure 4-3.

Autoradiograph of stage 24 gizzard cut in longitudinal section. 

Scale bar =100 pm.

b-bulge region, dm-distal dorsal mesenchyme,pdm-proximal dorsal 

mesenchyme,D-dorsal,V-ventral, ca-caudal.
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« *Figure 4-« A , B, & C. Diagrammatical representation of the cell 

proliferation pattern during evagination morphogenesis.

Figures not to scale.

A- diagrammatical representation of cell proliferation pattern prior 

to evagination. The cell proliferation rate was slightly higher (+++) 

in the dorsal epithelium(de) than in the ventral epithelium (ve)- 

(++).

B- Diagrammatical representation of cell proliferation pattern during 

early evagination. The cell proliferation rate in the bulge was less 

(+) than the labelling index of the dorsal epithelium (de-+++).

C- Diagrammatical representation of cell proliferation during stage 

24. Higher cell proliferation was localized to the area of 

maximum bend (be). The cell proliferation rate in the straight dorsal 

uninvaginated epithelium was high.

V=ventral,D=dorsal, CAU=caudal,CE=cephalic, DUO=duodenum, be=bend, 

bu=bulge,ve=ventral epithelium.

Thick arrows shows direction of expansion.

(+)=lower rate of cell proliferation in the bulge epithelium. 
(++)=lower rate of cell proliferation in the ventral epithelium. 
(+++)= high rate of cell proliferation in the dorsal straight 
epithelium
(+++)= high rate of cell proliferation localized to area 
of maximum bend
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Figures 4-5. Longitudinal section of stage 26 gizzard at the 

beginning of expansion phase. P=Pyloric region, Du=duodenum, L=lumen. 

Scale bar = 200 pm.

Figure 4-6. Autoradiograph of longitudinal section of gizzard in 

dorsal expansion, at stage 27. Arrow points to direction of dorsal 

expansion. Asteriks (jJC) in pyloric region. Scale bar = 200 pm.

Figure 4-7.

Autoradiograph of stage 29 gizzard during expansion phase(arrow 

points to direction of expansion) cut in longitudinal section. 

Asteriks ( )  in pyloric region. Scale bar=200 pm.

Figure 4-8. Longitudinal section of stages 31-32 gizzard.

Asteriks ( )  in pyloric region. Scale bar 200 = pm. 

pr=proventriculus, Du= duodenum, co= invasive cord of cells, 

V=ventral, D=dorsal
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Figure 4-9 A & B. Diagrammatical representation of cell proliferation 

pattern during expansion phase.

A- Stage 26 

B- Stage 30

During the expansion phase, higher cell proliferation rate was 

localized to the dorsal-most epithelium (+). Also, there was higher cell 

proliferation in the dorsal most region of mesenchyme.,

V=ventral. L= lumen. D=dorsal.

Figure not to scale.
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CHAPTER 5

Proventricular glandular morphogenesis 

The proventriculus is the proximal part of the stomach 

complex. It is separated from the distal gizzard by a short 

constriction,the proventriculo-gizzard junction. On day 6, the 

proventriculus developed abundant exocrine submucosal glands, that 

secrete digestive enzymes (Romanoff,1960). In the adult chick, the 

glandular structure is made up of lobules, separated by a connective 

tissue septum, which contains blood vessels and nerves. The lobule is 

made up of several alveoli that open into a tertiary duct, which in 

turn opens into the secondary ducts. These coalesce to form the 

primary duct, which opens into the main lumen. Lobules were not 

attached to the primary duct (Hodges,1974). Sjorgen,(1941) and 

Hibbard,(1942) who studied the development of the chick embryo 

proventriculus suggested that differential growth produced 

evaginations in the epithelial lining and caused subsequent protrusion 

into the proventricular wall. However they do not provide data on cell 

proliferation.

The purpose of this work was to study the morphogenesis and 

development of the proventricular exocrine glands histologically, 

using one micron thick plastic sections and ultrathin sections for 

electron microscopic examination.
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RESULTS

Stage 27

The proventriculus was an ovoid structure with a central 

straight lumen surrounded by a straight columnar epithelium (fig 5-1 a 

& b). The proventricular epithelium was columnar with tightly packed 

cells with no intercellular spaces in between.The nuclei were ovoid 

and oriented along the longitudinal axis of the cells. The columnar 

cells were connected by junctional complexes apically and desmosomes 

laterally. Above the nuclei, Golgi apparatus, and mitochondria were 

abundant.

Phase of evagination.

Stage of early evaginations,S 28.

During this stage,evaginations of the epithelium into 

condensed mesenchyme took place. Glandular morphogenesis began when 

lobules developed in the increasingly elongated tightly packed 

columnar epithelium. A linear, narrow, furrow extended into the 

lobules, which represented the earliest lumen (figure 5-2 a). The 

cells during early deformation were shorter than the rest of the 

epithelial cells. This difference was most apparent when comparing the 

cells at the tips of early lobules to the elongated columnar 

uninvaginated cells .

Electron microscopical examination revealed two types of 

epithelial cell morphologies in evaginations (fig. 5-2 b , fig. 5-3 & 
fig. 5-7). The cells attaching to the tip of the furrow, and the 

lateral column-shaped cells. The cells at the tip of the evaginations 

were short, contracted-flask shaped, with rounded basal nuclei (fig. 5- 

2b & 3-8).They measured about 20 pm in length. They were shorter by a
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factor of a third, as compared to the uninvaginated columnar cells. 

Apically they were constricted, pinched, and in favourable sections, 

at our working magnification, there were long segments of apical 

junctional complexes. The outer portion began at the convergence of 

the outer cell membrane and was characterised as a decrease in the 

intercellular space, increase in the electron density, and may appear 

as areas of apparent fusion, alternating with areas of divergence. This 

portion may be a tight junction. The next portion was of a wider 

intercellular space into which fibrillar elements attached, forming 

cytoplasmic densification that excluded cellular organelles. This 

latter portion may be a gap junction (fig 5-12 a & b). Apically there 

were dense 40-60 A microfilaments. These are thought to be 

circumferential bands of apical microfilament bundles (fig 5-11).

Apical to the constrictions, extensive cytoplasmic blebing extended 

into the furrow (fig. 5-3). The nuclei were rounded and basal with 

abundant secretory vesicles, rough endoplasmic reticulum, and 

mitochondria.

The lateral wall cells were longer, column shaped cells that 

were curved with the convexity towards the flask-shaped cells (fig 5- 

2b , 5-3 ,5-7 , & 5-9). These were 3-4 cells in any one section, and 

occupied the lateral wall of the lobule (fig 5-7). They measured about 

30 pm in length. They were also apically constricted, with cytoplasmic 

blebbing into the narrow furrow (fig 5-4) but they were basally narrow 

(fig 5-6). At the constriction, long segments of apical junctional 

complexes were seen. At junctions, there were 40-60 A microfilaments 

(fig 5-10). The bases of the earliest of these cells were separated 

by clear intercellular spaces crossed by slender filopodia that
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contacted each other (fig 5-6). In the basal cytoplasm some clear 

secretory vacuoles were seen emptying into the intercellular space.

In the lateral cells, abundant and long microtubules were seen coursing 

strictly along the longitudinal axis of the cells,and were closely 

associated with cellular organelles, like the mitochondria, Golgi 

apparatus and RER which was abundant and also oriented along the 

longitudinal axis of the cell (fig5-5). The nuclei were ovoid and 

oriented. Also 100 A intermediate filaments were also oriented along 

the longitudinal axis of the cells, and were associated with the 

microtubules (fig 5-5, 5-9, & 5-10).

The early lobules gradually invaded the underlying stroma 

prior to cup-shaped morphogenesis.

The epithelial segments between evaginations varied in 

length. In the intervening region the epithelium was a tightly packed 

elongated epithelium, which was longer than both the elongated columnar 

and flask cells. The nuclei were ovoid, oriented, and mainly found 

mid-sheet. Ultrastructural examination showed that these were 

elongated cells, with wide apices, lacking the cytoplasmic blebbing. 

Basally, they extended numerous extensive pseudopodia into the 

underlying mesenchyme. Abundant mitochondria, free ribosomes, 

elongated RER, secretory vesicles and intermediate filaments, running 

along the long axis of the cells were seen. The basement membrane was 

thickened and uninterrupted throughout.

Stage of late (saccular)evaginations;S 29-30 (fig 5-13)

At this stage the evaginations became saccular in shape, and 

were made up of two lateral walls and a floor surrounding a patent 

open lumen (fig 5-14 & 5-16). The development of the cup-shaped gland
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was brought about by confluence of the apex of the evaginations, which 

became the floor of the saccule. The glandular bud was thus made up of 

a floor and two lateral walls, surrounding an open patent lumen.

Cells occupying the floor of saccules were 8-10 in number 

and were flask-shaped, with rounded nuclei. They were of similar 

morphology to the apically constricted, flask cells that occupied the 

tip of the lobules, seen in the earlier lobule stage. Their hallmark 

was the long segments of apical junctional complexes at the areas of 

constriction with, apical cytoplasmic blebbing (fig 5-17 a).

The lateral wall cells were 8-12 cells in number. They were 

longer, column shaped, apically constricted and basally narrow. They 

were similar in cytology and ultrastructural morphology to the column

shaped cells seen in early evaginations. The microtubules were 

strictly oriented along the longitudinal axis of the cells, with 

similarly oriented and abundant cellular organelles. At the angles 

between the floor cells and the column shaped cells, the cells were 

even more apically constricted (fig 5-17 b). The basement membrane of 

the saccules was thin (fig 5-15 b). However, no epithelio-mesenchymal 

contact was seen. The basement membrane of the uninvaginated areas was 

thicker (fig 5-15a).

Proximally there were 2-3 cells that connected the lateral 

wall cells to the uninvaginated epithelium. They were elongated, 

inverted wedge-shaped cells with wide apices and very narrow slender 

bases .These cells showed sub-apical transverse microfilament bundles 

with dense bands along their course.

During stage 28, in the evaginations the number of 

epithelial cells did not increase as compared to stage 27

160



proventricula. However an increase in the number of cells was observed 

in late evaginations and in later saccular shaped glands (table5-1).

Mesenchymal cells accumulated underneath the uninvaginated 

elongated epithelia. The basement membrane was uninterrupted 

throughout the epithelium, but was thinner in the saccules.

Thus in evagination there was no detectable increase in cell 

numbers,but cell numbers increased in saccular glands morphogenesis.

During the evagination phase up to the saccule-shaped 

glands, there was variation in the degree of development of the 

evaginations in any single specimen examined. The evagination phase 

took approximately 24 hours to form cup shaped saccules from a 

straight epithelium.

Phase of expansion 

Stage 31-32 & 34

During this stage, expansion of the radiating glands took 

place. The glands were made up of a distal blind end lobule, which was 

connected to the epithelium lining the main lumen by a stalk. These 

glands progressively invaded the wall of the proventriculus and 

radiated away from the main lumen (fig 5-18 a & b). There was also 

variation in the extent of glandular expansion in the proventricular 

wall.

The uninvaginated surface epithelium lining the 

proventricular lumen was made up of tall columnar epithelial cells. 

Ultrastructurally they were tightly packed cells, with long basal 

lobopodia, with an undulating basal surface. The basement membrane was 

thick and uninterrupted. There was an accumulation of mesenchymal 

cells in the area underlying the uninvaginated epithelium.
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The stalk cells were tall columnar epithelial cells that 

were tightly adherent to each other. Across the glandular lumen they 

were closely apposed to each other. At points they seemed to occlude 

the lumen they lined. Their nuclei were ovoid and oriented along the 

longitudinal axis of the cell, reflecting their high packing density.

Ultrastructural examination of the stalk showed that they 

were tall elongated columnar epithelia, with constricted apices and 

narrow bases. Apically they were constricted, with long junctional 

complexes associated with a circumferential band of cortical 

microfilaments. Intermediate filaments and microtubules were oriented 

along the longitudinal axis of the cell. Cellular organelles were 

abundant, Golgi apparatus and elongated mitochondria were seen. The 

basal cell membrane was smooth, resting upon a thickened basement 

membrane. The stalk developed as a result of apposition of the two 

lateral walls of the saccular glands, across the lumen.

The distal lobular cells were wide columnar epithelial 

cells. Their nuclei were rounded and mainly basal (fig 5-18 b & fig 5- 

20)
At the tip of the glandular lobules, the basal lamina was 

thin, scanty, and interrupted (fig 5-19 a & b). Frequently, the basal 

epithelial plasma membrane extended blebs through the interruptions in 

the basal lamina. These blebs contained basic cytoplasm, with free 

ribosomes and without organelles. At the base of these blebs, a band 

of microfilaments was observed. Frequently the blebs developed direct 

contact with the adjacent mesenchymal cells. Not invariably the 

contiguous plasma membrane developed electron densities. The contacts 

measured 100-400 A but they did not develop specialised junctional
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complexes. Only one type of contacts was observed and the mesenchymal 

cells did not extend into the epithelium. These basal blebs and 

epithelio-mesenchymal contacts were observed throughout the expansion 

stages.

Using the cationic dye ruthenium red, during S34, a few dark 

staining dense granules were seen at the tip of the lobular basement 

membrane. Dark staining granules were seen between the mesenchymal 

cells, in clusters, on the surface of the mesenchymal cells, and on 

the surfaces of the myoblast aggregate. No dark staining granules were 

seen in the inner surface of the myoblasts. Dark staining granules 

were found between the basal epithelial surfaces and the closely 

adjacent mesenchymal cells. Ruthenium red did not penetrate into the 

cell interior but was confined to the cell outer plasma membrane.

The mesenchymal cells in the area between the glandular 

tubules were condensed in the middle as septa. During stage 34, in 

these septa, blood vessels and nerves developed. In the septa the 

intercellular space contained abundant extracellular collagenous 

fibrils.

Closely apposed to the stalk, but not to the tip of the 

invading tubule, was a layer of rounded mesenchymal cells with rounded 

nuclei, that was firmly and closely attached to the epithelial 

basement membrane. These were not present ahead of the tip of the 

expanding glands.

Around the tip of the invading tubule, was a 3-4 cells thick 

mesenchymal cell layer, where cells were elongated,and oriented with 

their longitudinal axis perpendicular to the axis of the tubular 

expansion. Characteristically the extracellular space between these
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cells was devoid of collagenous fibrils and extracellular material, 

when using conventional fixation. Some dark staining granules were 

found between the elongated mesenchymal cells previously thought to be 

devoid of extracellular material. They were found in clusters, 

suggesting that the fixation and staining procedure might have 

precipitated them.

Ahead of the advancing glandular tip and underlying the 

uninvaginated epithelial lining,degenerating mesenchymal cells were 

invariably observed. Nuclei were rounded,with enlarged perinuclear 

cisternae within the confines of the outer nuclear membranes. These 

cisternae made part of the ER.Cellular organelles were scattered,and 

consisted of vesicles,ribosomes and vacuoles.

Stage of redirected expansion and branching of the 

glands;stage 35-36.

Further morphogenesis was characterised by a change in the 

orientation of the proventricular glands, when the distal blind end 

lobules became reoriented craniad (5-21 a & b & fig 5-22).The glands 

continued to protrude and expand with the appearance of constricted 

areas in the tubules, thereby dividing the reoriented glands into 

distinct tubular regions. Also at this stage, branching morphogenesis 

took place in the proximal glandular tubules, by evaginations, which 

developed only outwards towards the loose mesenchyme. The degree of 

development of the glands was variable. After evaginations the newly 

formed glands began their own phase of protrusion, thus giving rise to 

numerous lobules in one alveolus. There was also variation in the 

development of the branching glands in any single specimen examined.

The surface epithelial cells lining the main lumen were
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elongated columnar cells with a uninterrupted basement membrane. Also 

the stalk cells were of similar morphology to earlier stalk cells.

The distal lobular cells were columnar in shape The nuclei 

were rounded and found mostly basally (fig 5-24 a). The hallmark of 

the distal lobules was the thin and interrupted basement membrane at 

the distal tip of the lobules (fig 5-23 a,b & c ). Through these 

interruptions, the basal cell membrane blebbed and developed numerous 

direct epithelio-mesenchymal cellular contacts. These contacts did not 

form specialized junctional complexes. Filamentous material was seen 

at the base of the cells. The cells lining the rest of the lobule, 

however, developed a full thickness basal lamina.

The cells in areas of constriction were elongated and 

tightly packed with extensive apical blebbing into the lumen and 

extensive basal pseudopodia (fig 5-24 a) which gave the basal surface 

an undulating appearance. These pseudopods were completely surrounded 

by full-thickness basal lamina. The nuclei were ovoid,elongated and 

oriented along the longitudinal axis of the cells. The cellular 

organelles were abundant. In the clefts underneath the constrictions 

there was an accumulation of the undifferentiated mesenchymal 

cells,with rounded nuclei and signs of degeneration.

The area that lies between the proximal curvature and the 

tubular constriction is the primary tubular area. The inner aspect is 

shorter with higher packing density. The outer aspect was longer and 

of a lesser packing density. In the outer aspect the cells were 

columnar, with rounded nuclei, mostly basal. There was apical blebbing 

and a basal smooth surface. The inner region had taller columnar cells 

with ovoid elongated nuclei with more extensive apical blebbing and an
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undulating basal surface. The inner aspect showed tall columnar 

cells. Basally there were extensive pseudopodia extended into the 

underlying mesenchymal cells.

The important ultrastructural finding in the outer aspect of 

the cells of the primary tubule proximal to the constriction was the 

thin and interrupted basal lamina. Through these interruptions, some 

epithelio-mesenchymal contacts were seen. These contacts were fewer 

than those in the tip of the lobules. Also,a particularly active Golgi 

apparatus was found. It was oriented along the longitudinal axis of 

the cell. The numerous small clear secretory vesicles seemed to be 

directed towards the base of the cell.

Secondary glands developed by evaginations from the outer 

segment of the primary tubule. Evaginations usually developed in the 

area between the constrictions. Further morphogenesis included 

protrusion of the newly formed evaginations. The cells at the tip of 

the evaginations were shorter flask-shaped cells surrounded by column 

shaped cells in the lateral wall of the evaginations. Both developed 

extensive apical blebbing into the potential furrow that develops in 

the lobule.

In the lateral evagination wall,a thickened ring of tall 

elongated cells was seen. These also developed apical cytoplasmic 

blebbing underneath which transverse microfilaments bundles were more 

readily seen. Also,these cells were narrow basally,as well as being 

constricted apically. The basal lamina was thin. However it was not 

interrupted and no direct epithelio-mesenchymal interactions 

developed.

In older evaginations, the lateral walls moved closer

166



together. A potential lumen intervened between the apposing walls. 

Thus the secondary glands developed a stalk, from which more columnar 

cells extended distally.

In the animals examined, tertiary glands were seen 

evaginating from the secondary gland, forming the complex glandular 

morphology
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DISCUSSION

The morphogenesis of the exocrine glands of the 

proventriculus can be divided into several consecutive phases, ending 

in a morphologically complex organ with a wide area of glandular 

epithelium connected by ducts to the main lumen. The first phase was 

the phase of evaginations by the tall columnar epithelium into the 

condensed mesenchyme. It started at stage 28, and ended 

when the evaginations became cup-shaped saccules. It took some 12 

hours to form evaginations and a further 12 hours to form cup-shaped 

saccules. There was some variation in the degree of maturity of the 

evaginations in any specimen examined. The second phase was the 

expansion of these evaginations, which then redirected their 

expansion. The branching of the primary glandular tubule, with the 

formation of the secondary and tertiary glands, culminated in the 

complex glandular morphology.

At the beginning of the first phase, the proventricular 

epithelium was a tightly packed, increasingly elongated columnar 

epithelium, surrounded by condensed mesenchyme. The earliest changes 

were detected when lobules developed with little penetration into the 

stroma. A furrow extended into these lobules. Later the lobules 

invaded slightly into the stroma, before the lobule became cup-shaped 

saccules at stage 29-30 It took 12-24 hours to develop into cup

shaped saccules.

Electron microscopical examination revealed three types of 

epithelial cell morphologies in the early evagination. The cells 

attaching to the tip of the furrow, and the lateral column shaped 

cells. Both were shorter than the uninvaginated straight epithelium.
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The third type was the inverted wedge shaped cell, connecting the 

evagination to the uninvaginated epithelium.

It is suggested that evagination was brought about by co

ordinated changes in cell shape. The shape changes were correlated to 

the activities and orientation of the cellular cytoskeletal elements, 

and thus the change in cell shape was suggested to be mediated by 

forces intrinsic to the cells themselves.

The cells at the tip of the evaginations were flask-shaped, 

apically constricted cells with rounded basal nuclei. The lateral 

cells were longer apically constricted and basally narrow column

shaped cells, with microtubules oriented along the longitudinal axis 

of the cells. In both cells, apical transverse microfilaments were 

found at the apical constriction, associated with long segments of 

apical junctional complexes.

In both the flask and lateral column shaped cell apices, 

there was circumferential perimembranous bundles of microfilaments, 

which are suggested to provide a contractural force. During 

evagination the presence of these microfilaments at the apical 

constrictions was spatio-temporally correlated to cell shape change. 

These filaments were thickened in those areas where contraction was 

assumed to occur. These filaments may mediate apical constriction when 

they contract.

Turning now to the long lateral wall cells, it is suggested 

that microtubules, oriented along the longitudinal axis of the cell, 

may cause this lengthening. The microtubules were long, straight, and 

were strictly polarised along the longitudinal axis of the cells, 

suggesting that they might cause cellular elongation by actively
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adding new tubulin elements. Their close association with 

longitudinally oriented cellular organelles suggested that they cause 

cellular elongation by active streaming of the cytoplasm along the 

longitudinal axis of the cells (Burnside,1971).

It is suggested that evagination developed when a 

contraction took place which caused apical constriction in a small 

number of cells. These are the cells which will became rounded and 

contracted. This apical constriction may exert a stretch on the apices 

of the surrounding cells to which they were tightly adherent by a long 

segment of apical junctional complexes,which would then be column 

cells. This triggers them into apical contraction which causes apical 

constriction (Odell et al. ,1981). Apical constriction also pushes the 

cytoplasm basally, and makes them flask shaped.

Then the flask cells lead the evagination process into the 

surrounding condensed mesenchyme, and moves slowly into the underlying 

stroma. Lobule formation may be likened to the popping out of the 

condensed epithelium. Thereafter the lobules become cup-shaped. The 

role of growth prior to, during and after evagination will be 

discussed in the next chapter.

The transformation from the early evagination to a cup

shaped evagination took place about 12 hours later. In the saccules an 

increase in the number of the three distinct types of cell 

morphologies was observed. On the floor of the saccules were 

contracted apically constricted cells and the cells in the lateral 

wall were column cells.

The increase in the number of apically contracted cells may 

be brought about by a spread of a contraction wave to adjacent cells.
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The role of growth in this stage of morphogenesis will be discussed in 

the next chapter.

In the next phase expansion of the glandular epithelium took 

place as the glands continually expanded into the undifferentiated 

mesenchyme. With continued expansion,re-orientation of the invasion 

direction took place.

In further glandular development, the glands expanded and 

protruded into the proventricular wall. New glandular tissue was 

continuously being laid down. Ultrastructural observation of 

expansion morphogenesis showed a scanty and frequently absent basement 

membrane at the epithelio-mesenchymal interface at the tip of the 

advancing glands and basal epithelial blebbing with direct epithelio- 

mesenchymal contact.

The distribution of the basement membrane, the extracellular 

material, and the mesenchymal cells, was such that it may have

developed a constraint on the proximal glandular structures. For in

the region of the stalk, the constrictions, the proximal tubules, and 

the proximal part of the expanding tubule (except for the advancing 

tip), the basement membrane was thick and uninterrupted and the 

mesenchymal cells were rounded and apposed to the basement membrane. 

Whereas in the region ahead of the expanding tubule, the basal lamina 

was thin and the extracellular material between the mesenchymal cells 

was scanty, which may suggest that the distal tubule was expanding

into a less resistant region.

As for the blebs,it is suggested that due to disintegration 

of basal lamina, the plasma membrane seems able to uncouple from the 

cortical microfilament layer in the interior of the cells. This
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suggestion was supported by the finding of basic cytoplasmic gel in 

the blebs without any cellular organelles.

As for the epithelio-mesenchymal contact, these have been 

observed in several other organs; in the gizzard (chap. 3 & 4)), and in 

various other growing and differentiating organs. It has been 

proposed that they mediate direct epithelio-mesenchymal interaction in 

cell differentiation. Basal laminar interruption and contact were also 

suggested to result from rapid growth.
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ANIMAL No. STAGE 27 STAGE 28 STAGE 30

STRAIGHT TUBE EVAGINATION SACCULAR EVAGINATION.

1- 415 514 605

2- 427 412 783

3- 406 398 832

Table 5-1. Epithelial cell numbers in consecutive stages during 

evagination morphogenesis.

173



Figure 5-1 A&B. One micron sections of stage 27. The proventriculus 

was made up of uninvaginated columnar epithelium surrounded by 

mesenchyme (mes), L=lumen.

In A , Scale bar =100 pm.

In B , Scale bar =100 pm.
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Figure 5-2 A. Longitudinal section of stage 28 proventriculus during 

early evaginations. The early evaginations (arrowheads) are small 

lobules with a narrow furrow extending into the centre of the 

lobules. mes= mesenchyme, L=lumen.

Scale bar =100 pm.

Figure 5-2 B.

A- Low power montage of stage 28 proventriculus showing an early 

evagination lobule into which a linear, obliterated furrow extends. 

The furrow represented the early glandular lumen. In the evaginating 

lobule two types of cell morphologies were seen. The 2-3 cells 

attaching to the tip of the furrow were short, columnar, flask shaped 

(F) cells with rounded nuclei occupied the center of the lobule. The 

lateral aspect of the lobule was occupied by 3-4 elongated columnar 

cells (EC). In the lateral elongated columnar cells, the 

cytoskeleton and the intracellular organelles were oriented along the 

longitudinal axis of the cells, with ovoid nuclei. Both cell types 

were apically constricted where long segments of apical junctional 

complexes were seen. Apical to constriction, extensive cytoplasmic

basement membrane (bm) was intact. Mes=mesenchyme, L=lumen. (X 4290).

blebbing narrow furrow, was seen. The
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Figure 5-3. Diagrammatical representation of the ultrastructural 

features of the early evagination lobule. See figure 5-2 B. 

Bm=basement membrane. m= mitochondria. mf=microfilaments. mt = 

microtubules. F= flask-shaped cells. V=secretory vesicles.

IW=inverted wedge-shaped cells, m=mitochondria, EC=elongated columnar 

cells.

Figure not to scale.
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Figure 5-4 Higher power of the area in the rectangle in figure 5-3, 

showing long segments of junctional complexes (j)at the regions of 

apical constriction of both the flask-shaped cells (f)and the 

elongated columnar cells (EC). (X 4260).

Figure 5-5. Stage 28 The lateral elongated column cells have 

longitudinally oriented cytoskeletal elements, like the microtubules 

smallarrows. Intermediate filaments (IF) seen. The intracellular 

organelles were abundant, and longitudinally oriented for example, 

the mitochondria, RER, and Golgi(G). (X 5850).

Figure 5-6. The basal aspect of the elongated lateral columnar cells 

of stage 28 was narrow with intercellular spaces crossed by slender 

filopodia. The basement membrane (bm) was uninterrupted (X 3140).
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Figure 5-7. (Stage 28 +) proventricular evagination which slightly 

invaded stroma in cross section. There are two types of cell 

morphologies; the lateral elongated columnar cells (e) and the flask 

cells (f) occupying the centre of the lobule. Also shown is the 

narrow furrow which penetrates the centre of the lobule. L= lumen, m-p= 

mesenchymal papilla .( X 640)

Figure 5-8. In a stage (28+) evagination, the flask shaped cells (f) 

occupied the centre of the lobule. They were wide, columnar with 

rounded nuclei. The intracellular organelles wre abundant, the 

mitochondria were small and rounded. mes=mesenchyme( X 4700)

Figure 5-9. In a stage 28+ proventriculus, the elongated columnar 

cells (EC)that occupied the lateral aspect of the lobules were curved 

towards the centre of the lobule. The cellular organelles were 

oriented along the longitudinal axis of the cells like Golgi( G) and 

mitochondria. The apex of the cells were constricted with blebbing 

(b) extending into the furrow . (X 4950).
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Figure 5-10. Apical aspect of the elongated columnar cells of stage 

28 evagination. There were apical transverse microfilaments 

(arrowheads), longitudinally running microtubules (open arrows) 

and in the rectangle there is a long strip of junctional complexes. 

(X 18000).

Figure 5-11. Apical aspect of flask cells. At the apices of the 

cells, there were long segments of apical junctional complexes. The 

tight junctions seemed to alternate with areas of normal contact 

(large open triangles). The circumferential bundles of apical 

microfilaments surrounded the cell apices. Longitudinally oriented 

microtubules (small open arrowheads). (X 16 600)

184



185



Figure 5-12 A & B. Apical junctional complexes in cells of stage 29 

evaginations.

A- The junctional complex nearest the lumen showed structural 

features suggestive of being tight junctions. It was nearest the 

lumen, just deep to the convergence of the outer cell membrane, with 

a decrease in the intercellular space, and was rather straight, not 

wavy. However, the point of fusion of the outer leaflet was not 

apparent. This led to the second element which was apparently wider 

and surrounded with cytoplasmic densification, which suggested that 

it was a gap junction. (X 95000)

B- Shows a frequent variation in the tight junctional complexes in 

which there was apparent fusion divergence of the outer cell 

membrane. The complex again led to an area of apparent increase in 

the intercellular space, surrounded by cytoplasmic densification, 

suggestive of being a gap junction.(X 91,000). 

t=tight junction, g=gap junction.
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Figure 5-13. Cross section through stage 30 proventriculus showing 

cup-shaped evaginations, which were variable in their maturation 

stage. The smooth myoblasts (my) aggregated in the outer aspect of 

the connective tissue compartment, leaving an inner region of 

undifferentiated mesenchyme (m) which abbuted the epithelium. The 

mesenchyme condensed in the clefts between the evaginations 

mesenchymal papilla (m-p).

Scale bar = 150 pm.

Figure 5-14 .Survey picture of a cup-shaped saccule of stage 30. The 

saccule was made up of a floor and two lateral walls. The floor (F) 

was made up of columnar cells and the lateral walls (L) made up of 

elongated columnar cells with a polarized cytoskeleton (X 640).

Figure 5-15 A. The basal aspect of the cells of the floor of the 

saccules. The basal lamina was thin.( X 9800)

Figure 5-15 B. The basal lamina of the non invaginated cells was thick 

and continuos. (X 8000).
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Figure 5-16. Diagrammatical representation of the cup-shaped 

saccule.The saccule was made up of a floor and two lateral 

walls. The floor cells were columnar cells, and the lateral wall 

cells were elongated columnar cells similar in morphology to earlier 

cells seen in early evagination.

F= flask shaped cells. EC= elongated columnar cells. mt=microtubules. 

m=mitochondria, L=lumen, V=vesicles, IW=inverted wedge shaped cells. 

Figure not to scale.
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Figure 5-17. A & B. Showing two types of cell morphologies in the 

proventricular saccules of stage 30 proventriculus.

Figure 17 A. These were flask shaped cells (F) which were shorter than 

the elongated columnar cells but with constricted apices and wider 

bases. The cellular organelles were abundant but less polarized than 

those of the elongated columnar cells(EC). In the elongated columnar 

cells, the cellular organelles were longitudinally oriented like the 

Golgi (G), and mitochondria.(X 5100).

Fig 5-17 B. A higher power of fig 5-17 A ,showing the abundant and 

longitudinally oriented cytoskeletal elements in the elongated 

columnar cells, for example microtubules (arrowheads). (X 8600)





Figure 5-18 A.Cross section of stage 32 proventriculus in expansion 

stage, showing several tubules which extended into the proventricular 

wall to a variable distance. The mesenchyme was condensed underneath 

the non-evagination epithelium forming a papilla (mp), and was less 

dense in the mesenchyme(m) between the epithelium and the outer 

smooth muscle(my) aggregate. Scale bar = 100 pm.

Fig 5-18 B. Survey picture of expanding tubule.

Figure 5-19 A & B. The hallmark of the columnar tubular cells

ultrastructure was the interrupted basal lamina through which the

basal surface of the epithelium blebbed. Epithelio-mesenchymal

contacts can be seen . Filamentous bundles (arrows) were seen at the

base of the blebs and away from the blebs. mes=mesenchyme.
A ( X 8900)

B ( X 17500).
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Figure 5-20. Diagrammatical representation of the ultrastructural 

features of the expanding tubules. The tubules were made up of 

columnar epithelial cells with somewhat rounded nuclei. The basement 

membrane at the tip of the lobule was thin and interrupted. Through 

the interruption, the basal cell membrane blebbed (B)and made direct 

contact with mesenchymal cells.

Figure not to scale.

F=filaments at base of bleb, L=lumen,Mes=mesenchyme.
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Figure 5-21 A & B.

A- Longitudinal section of a stage 35 proventriculus in which the 

tubules have re-directed their expansion to craniad (arrow shows 

direction of expansion). The glands could be divided at this stage in 

to a distal tubule (dt) with the constriction (c) separating it from 

the primary proximal tubule (pt) which connected the gland to the 

main the proventricular lumen. At constriction, the mesenchymal cells 

condensed underneath the epithelium. The mesenchymal cells 

surrounding the epithelium at its expanding tip, were flattened, 

whereas, the mesenchymal cells abutting the rest of the epithelium 

were rounded. Scale Bar ■ =■ 100 pm.

Figure 5-21 B. A-In stage 36 the tubules have expanded

progressively in the wall and have branched, by evagination from the

outer aspect of the tubules. Scale Bar =100 pm.
L=lumen,Pt=proximal tubule,St=secondary tubule,Dt=distal tubule.
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Figure 5-22A&b. Diagrammatical representation of the proventricular 

glands of redirected expansion and branching stage .

Figures not to scale.

A- Depicts an expanding, redirected gland in which the stalk led into 

the gland from the surface epithelial cells. From the stalk, the 

proximal curvature led to the primary tubule. The primary tubule was 

separated from the distal tubule by an area of constriction. The 

basement membrane of the cells of the distal tubules was interrupted, 

and through interruptions, basal epithelial surface blebbed(b) and made 

contact with mesenchymal cells.

B-Depicts a redirected expanding gland with branching. From the 

primary tubule, secondary tubules arose and expanded distally. The 

basement membrane at the distal tip of the secondary glands was also 

interrupted.

L=lumen, Sc=surface cells,st=stalk, Pc=proximal curvature, Pt=primary 

duct, St=secondary tubule, Dt=distal tubule, B=blebbs, c=constriction
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Figure 5-23. The characteristic feature of the cells of the expanding 

tubule of the proventriculus at stage 35-36 was the attenuated, 

scanty basement membrane which was interrupted . Through these 

interruptions epithelio-mesenchymal contact was seen. These contacts 

were from the epithelium to the mesenchyme.

Figure 5-23 A. High power of the tip of the distal lobule showing 

scanty basement membrane. The mesenchymal (mes)cells were flattened 

and the extracellular (EC)space clear and devoid of extracellular 

material. (X 4500)

Figure 5-23 B. High power of epithelio-mesenchymal interface showing 

absent, scanty basement membrane, flattened mesenchymal cells(M) and 

clear extracellular space(EC) . (X 9000)

Figure 5-23-C. At the tip there was epithelio-mesenchymal contact. M= 

mesenchyme, E=epithelium. (x 10900)
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Figure 5-24 The columnar cells of the distal expanding tubule. The 

cells were apically constricted with wide apical blebbing. The shape 

of these cells was similar to the shape of the cells of the columnar 

cells in early evagination. The basement membrane was thick and 

uninterrupted in the these cells.( X4460)

Figure 5-25 The cells at the constriction shows basal pseudopodia 

resting upon a thick uninterrupted basement membrane, with condensed 

mesenchymal cells ( X 4200).
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CHAPTER 6

Cell proliferation in proventricular glandular 

morphogenesis.

Proventricular glandular morphogenesis begins when repeated 

evaginations develop in an increasingly tall columnar epithelium. 

Evaginations develop as a result of co-ordinated cell shape changes. 

Lobular glands become saccular in shape as a result of confluence of
s

the flask-shaped cells. Further morphogenesis was characterised by 

expansion of the glands (chapter 5).

It has been suggested that rapid cell proliferation 

(Romanoff,1960) in the proventricular wall give rise to evaginations 

as a result of increase in cell number, but no supporting evidence was 

provided. In some structures that develop by numerous evaginations, 

increased cell proliferation has been implicated in their development. 

In the rat pancreas, increased mitosis caused increased lateral 

pressure, which may drive evagination. Deformation itself was related 

to the change in cell shape. There was no correlation between the 

orientation of the cytoskeletal elements and cell shape change (Pictet 

et al., 1972). In the chick oviduct, cytochalasin B interfered with 

evagination, and treatment with bromodeoxy uridine which interfered 

with growth inhibited expansion of the evagination (Wrenn, 1971: Wrenn 

& Wessells, 1970). In ciliary body morphogenesis, growth within the 

pupillary ring causes numerous foldings, which suggested the 

development of lateral pressure (Bard & Ross, 1982 II). Additionally, 

expansion of the distal glands in the chick lung was associated with 

localised cell proliferation to the distal tips (Gallagher, 1985 I). 

Gizzard expansion was associated with differential cell proliferation
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(Chapters 3 & 4). On the other hand, the quail anterior submaxillary 

salivary gland mitotic figures were distributed throughout the glands 

(Nogawa, 1981).

The purpose of this work was to study the cell proliferation 

pattern in developing proventricular submucosal glands. The labelling 

index of the various regions of the evaginating and expanding glands 

was counted in one pm thick plastic sections of chick embryos 

incubated in tritiated thymidine for two hours.
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RESULTS

Stage 27,stage of straight tube

At this stage the proventriculus was a straight tube. The 

total mean labelling index of the epithelial lining was 30%. The 

labelling index of the proventriculo-gizzard junctional epithelium was 

16.7% (table 6-1). Thus the cell proliferation rate of the 

proventricular epithelium was about twofold higher than the labelling 

index of the adjacent epithelium prior to evagination and could be 

thus distinguished from it by the higher labelling index.

Phase of evagination

Stage of early evagination;stage 28;fig. 6-1 a & b; fig.

6-4a

This is the early evagination stage; the invaginations were 

small basal lobulations. The evaginations did not show a clear 

pattern. Thus it was common to find two evaginations separated by only 

a small distance,and also to see long segments of epithelium that were 

not invaginated. Labelled nuclei were found mainly basally in the 

evaginating lobules. In the cleft epithelium which separates two 

evaginations,the labelled nuclei were found in mid-epithelium.

The mean labelling index of the epithelial lining was 17.4% 

(table 6-2a) and the mean labelling index of the undifferentiated 

mesenchyme was 28.2% (table 6-2b).

Thus in early evagination the proventricular epithelium 

labelling index was reduced about twofold compared to its pre- 

evagination values. Both the evagination and cleft epithelium 

labelling index were reduced, and the difference between their new 

labelling indices was insignificant.
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The mesenchyme was divided by an imaginary circumferential 

line bisecting the mesenchyme into two roughly equal regions. The 

mesenchyme region adjacent to the lining epithelium labelling index 

was higher than the outer mesenchyme (table 6-2b).

Stage29-30,stage of late (saccular) evagination ;fig. 6-2 

a,b & c; fig. 6-4 b

At this stage the evaginations have enlarged to saccular 

vesicles, surrounding an open lumen. Long segments as well as short 

clefts of cells separated the evaginations.

The mean labelling index of the epithelium was 27.4% (table 

6-3a) and the mean labelling index of the mesenchyme was 25.1% (table 

6-3b). The evaginating epithelium labelling index was 31.6%, and the 

cleft epithelial cells labelling index was (22.1%), as shown in table 

6-3a.

Thus, the labelling index of the saccular evaginations was 

higher than the labelling index of the cleft cells. The difference was 

highly significant. The labelling index of the evagination epithelium 

was higher than the labelling index of the evaginations in the 

previous stage; compare tables 6-2a and 6-3a.

The mesenchyme between the evaginating epithelia was called 

papillary mesenchyme.This mesenchyme occupied an area lying beneath an 

imaginary line drawn circumferential along the tip of the epithelial 

protrusions. Between this line and the circular smooth muscle was the 

circumferential mesenchyme. The labelling index of the papillary 

mesenchyme was higher than the labelling index of the circumferential 

mesenchyme as shown in table 6-3a.

There was higher cell proliferation in the saccular
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evaginations compared to the uninvaginated epithelium.

Phase of expansion

The stage of expansion (Stage 31-32),fig. 6-3 a & b; fig. 6-4 c

At this stage,the proventricular glands have differentiated 

into a distal lobule,connected by a stalk of epithelial cells to the 

main lumen. The labelled nuclei in the lobular and stalk cells were 

mainly found basally, and uniformly distributed around the lobule.

Less labelling was seen in the epithelium lining the main lumen of the 

proventriculus. The total labelling index of the papillary mesenchyme 

was significantly higher than the rest of the undifferentiated 

mesenchyme (table 4b).

Thus cell proliferation rate of the distal protruding lobule 

was higher than the cell proliferation rate of the stalk epithelium 

and the mucosal epithelium lining the main lumen (table 6-4a).

Stage of redirected expansion and branching 

morphogenesis;stage 35-36 ,table 6-5.

The mean labelling of the epithelium was 14.9% as shown in 

table 6-5. The tip of the lobules had a higher labelling index (19.4%) 

than the cells lining the ducts (8.42%) and the stalks(8.4%).

In the primary proventricular glands, the distal lobule 

labelling index was still higher than the labelling index of the duct 

epithelium. These correlations were similar to the pattern of 

labelling index found in enlargement and protrusion stage.

Branching morphogenesis began by evagination of the ductal 

epithelium which had a lower labelling index. Thus evagination takes 

place in a background of low cell proliferation rate, unlike the 

primary evagination in S28.
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Discussion

The pattern of cell proliferation during proventricular 

morphogenesis correlated with the morphogenetic stages of evagination 

morphogenesis and expansion of the proventricular glands. In the first 

phase there was rapid cell proliferation in the straight epithelial 

lining, followed by a more or less twofolds reduction of cell 

proliferation during the second stage. Later, in the third phase, 

rapid cell proliferation became evident in the glands during saccular 

morphogenesis and continued during expansion of the glands, at which 

time it was localised at their distal tips.

In the first phase at S27,prior to evagination,the cell 

division rate of the proventricular epithelium was higher than the 

adjacent epithelium lining the proventriculo-gizzard junction, and was 

highest of the cell proliferation rates during other phases of 

development. This increased the packing density of the proventricular 

epithelium making them an increasingly columnarized cell sheet. It is 

suggested that increased cell division caused increased population 

pressure in the epithelium.

During early evagination the cell division rate in the 

evaginating lobules and the adjacent uninvaginated epithelium was 

reduced twofolds in relation to pre-evagiantion rates. It was shown 

in the preceding chapter that evagination morphogenesis may be brought 

about by cell shape changes, as cell in the lobules change shape and 

cells in the uninvaginated region were more pseudostratified.

It is thus suggested that evagination morphogenesis may, 

however, be driven by an increase in population pressure so that 

evagination represents a process of release of pressure that develops
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as a result of an increase in cell division rate. But the evaginations 

themselves were brought about by localised cell shape changes. 

Therefore, proventricular evagination morphogenesis is suggested to be 

brought about by an interplay between a pressure within the sheet 

caused by an increased population and localised mechanical contractile 

episodes, as described in the preceding chapter.

The slow penetration of the lobules into the underlying 

stroma may be brought about by non-localized addition of new cells in 

the whole epithelium.

The integral role of increased cell proliferation rate and 

cell shape changes in proventricular evagination was similar to that 

in chick oviductal evaginations (Wrenn, 1971;Wrenn & Wessells, 1970) in 

that both cell shape change and cell proliferation bring about 

evaginations.

The developing population pressure may, in addition to being 

a driving force in evagination, also affect the method of evagination, 

by causing the cells to become elongated preceding evaginations. The 

elongated cells of the columnar epithelium may make it difficult for 

mechanical reasons for the sheet to fold repeatedly. It thus 

necessitates the development of lobules by a different mechanism. This 

mechanism involves cell constriction and shortening of the evaginating 

cells.

In later saccular evaginations the labelling index of the 

. saccules was higher than the labelling index of the proximal

uninvaginated epithelium. During saccular evagination morphogenesis, 

the population of rapidly dividing cells became localised to the newly 

formed glands. Thus cup-shaped morphogenesis may be brought about by
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increased cell proliferation rates localised in the evaginations, 

unlike the development of chick thyroid vesicles (Smuts,Hilfer, & 

Searles, 1978) in which rapidly proliferating cell populations were 

localised to the periphery in the surrounding uninvaginated pharyngeal 

epithelium.

Thus the pattern of cell proliferation during evagination 

was characterised by an initial diffuse rapid cell proliferation 

followed by a reduction correlated with cell shape change and then 

followed by localisation of the population of dividing cells to the 

saccules.

This localisation of cell proliferation marks the beginning 

of the third phase of cell proliferation pattern. The third phase of 

the cell proliferation pattern correlated with expansion and 

protrusion of the glands deep into the surrounding undifferentiated 

mesenchyme. The mesenchymal component developed into papillary 

mesenchyme and the outer undifferentiated mesenchyme.

In glandular expansion the labelling index of the distal 

lobular epithelium was higher than the labelling index of the proximal 

stalk epithelium and that lining the main lumen. It thus brought about 

the extension and protrusion of the glandular epithelium.

Thus a pattern of cell proliferation emerged covering 

expansion morphogenesis in which there was a spatio-temporal 

correlation between the localisation of higher cell proliferation rate 

distally, in the epithelial lobule, and its future protrusion into 

surrounding mesenchyme. There was evidence of close correlation 

between the site of addition of new cells and subsequent 

morphogenesis, in that cell proliferation seemed to bring about the
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epithelial expansion with new tissue being laid down distally. Higher 

cell proliferation rate was localised to the distal lobule as a whole, 

not only at its distal tip however. Thus the pattern of localisation 

of cell proliferation correlated to the pattern of the interruption 

and absence of the basal lamina observed at the tip of the protruding 

lobule. It is also suggested that basal laminar thinning of the 

epithelial cells may provide directionality to the protrusion of the 

glands as the intact basal lamina proximally and the layer of rounded 

mesenchymal cells that closely invests the gland may provide 

mechanical constraint to the proximal regions of the expanding glands.

In both the stages described, the labelling index of the 

papillary, central mesenchyme was higher than the distal outer rim of 

undifferentiated mesenchyme into which the epithelium is invading and 

this may facilitate the invasion of epithelium into a lower 

resistance mesenchyme.
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TABLE 6-1

STAGE 27.PREVAGINATION PROVENTRICULUS.LABELLING INDEX OF THE 
PROVENTRICULAR EPITHELIAL LINING (PROV E) AND THE PROVENTRICULO- 

GIZZARD JUNCTIONAL EPITHELIUM.(P-G JUNC.E)

ANIMAL TOTAL CELLS COUNTED/LABELLED CELLS AND MEAN
LABELLING INDEX(M.L.I.)

1

2

3

TOTAL
MEAN LI(MLI)
95% CONFIDENCE INTERVAL

PROV E P-G JUNC

1419/405 914/142
28.5% 15.5%

410/134 1856/132
32.7% 15.4%

785/244 454/97
31.1% 21.4%

2614/783 2224/371
30% 16.7%
30+1.76 16 .7+1.55
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TABLE 6-2A 
STAGE 28.(FIG 6-1 A & B )

LABELLING INDEX OF EARLY EVAGINATION EPITHELIUM.

ANIMAL EVAG. UNINVAGINATED

1 782/158 902/151
20.7% 16.7%

2 332/60 544/85
18.1% 15.9%

3 868/137 438/80
15.8% 18.3%

TOTAL PER ANIMAL 1982/355 1884/316
MLI 17.9% 16.8%

TOTAL PER STAGE 
MLI

3866/671
17.4%

TOT CHI VALUE 
VALUE OF P

0.86 NO SIGNIFICANT DIFFERENCE. 
P<0.05

95%CONFIDENCE INTERVAL 17.9+1.68 16.8+1.68.

TABLE 6-2B 
STAGE 28 (fig 6 - 1 A & B )

LABELLING INDEX OF THE UNDIFFERENTIATED MESENCHYME IN 
ITS TWO PARTS,THE INTERNAL (MES I.) AND OUTER MESENCHYME (MES 0).

ANIMAL MES I. MES 0

1 1347/403
29.9%

757/152
20.1%

2 187/62
33.2%

164/41
25%

3 383/150
39.2%

261/65
24.9%

TOTAL PER ANIMAL 
MLI

1917/615
32.1%

1182/258 
21.8%

TOTAL PER ANIMAL 
MLI

3099/873
28.2%

95%C0NFIDENCE INTERVAL 32.1+2.1 21.8+2.4
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TABLE 4-3

STAGE 29-30 (fig 6-2 A ,B & C).
LABELLING INDEX OF THE EPITHELIAL LINING.

ANIMAL EVAG. UNINVAGINATED

1 670/210
31.3%

366/68
18.6%

2 423/122
28.8%

395/94
23.8%

3 1800/582
32.3%

1509/340
22.5%

TOTAL PER ANIMAL 2893/914
36.6%

2270/502
22.1%

TOTAL PER STAGE AND MLI 5163/1416 27.4%

TOT CHI VALUE 57.5

VALUE OF P P>0.0001

95%CONFIDENCE INTERVAL 36.6+1.73 22.5+1.71

HIGHLY SIGNIFICANT DIFFERENCE

TABLE 6-3B 
STAGE 29-30 (fig 6-2 A ,B & C).

LABELLING INDEX OF PROVENTRICULAR UNDIFFERENTIATED MESENCHYME.
THE INNER PAPILLARY MESENCHYME ( PAP M) AND THE OUTER MESENCHYME (OUT 
M.)

ANIMAL PAP M OUT M

1 772/179
23.2%

876/185
21.2%

2 781/259
33.2%

449/105
21.2%

3 177/54
30.5%

441/105
23.8%

TOTAL
MLI

PER ANIMAL 1730/492
28.4%

1766/385 
21.8%

TOTAL
MLI

PER STAGE 3496/877
25.1%

95%CONFIDENCE INTERVAL 28.4 2.13 21.8 1.9
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TABLE 6-4A 
STAGE 31—32(fig 6-3 A & B)

LABELLING INDEX OF THE PROVENTRICULAR EPITHELIUM.

ANIMAL CLEFT STALK LOBULE

1 792/93 485/63 1440/362
11.7% 13% 25.1%

2 608/54 354/62 468/154
8.9% 16.1% 32.9%

3 476/58 572/90 557/156
12.2% 17.1% 28%

TOTL PER ANIMAL 1876/205 1441/215 2465/672
MLI 10.9% 14.9% 27.3%

TOTL PER STAGE 5782/1092
MLI 18.9%

95 % CONFIDENCE INTERVAL 10.9+1.4 14.9+1.8 27.3+1.8

HIGHER LABELLING INDEX AT THE DISTAL INVADING LOBULE.

TABLE 6-4B 
STAGE 31-32 (fig 6-3 A & B)

LABELLING INDEX OF THE PROVENTRICULAR CONNECTIVE TISSUE
LABELLING INDEX.

ANIMAL MES PAP MES MYOBLAST

1 1602/335
20.9%

1257/191
15.2%

214/24
11.2%

2 907/193
21.3%

599/109
18.2%

78/6
7.7%

3 761/193
25.4%

332/82
17.5%

186/15
9.4%

PER STAGE 5936/1148
19.3%

MES PAP = MESENHYMAL PAPILLA NEAREST THE LINING EPITHELIUM. 
MES = MESENCHYME.
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TABLE 6-5

STAGE 35 AND 36.LABELLING INDEX OF THE EPITHELIAL LINING.

ANIMAL LOB E 1 LOB E 2 DUCT STALK

1

2

410/87
21.2%
279/54
19.4%

242/69
28.5%
NONE

244/23
9.4%
434/46
10.6%

439/37
8.4%
NONE

3 225/36 
■ 16%

208/49
26.2%

284/12
4.2%

NONE

TOTL PER ANIMAL 
MLI

914/177
19.4%

450/118
26.2%

962/81
8.4%

439/37
8.4%

TOLL PER STAGE 
MLI EPITHELIUM

2765/413
14.9%

95% CONFIDENCE INTERVAL 19.4+2.6 26.2+4.1 8.4+1 .8 8.4+2
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Figures 6-1 A & B. Tritiated thymidine autoradiographs of stage 28 

proventriculus evagination stage. M=mesenchyme,L=lumen.

A- Low power of stage 28. Scale Bar =100 pm.

B- Higher power of stage 28 showing early small lobules. Darkly 

staining nuclei are labelled nuclei. Scale Bar =50 pm.

Figure 6-2 A ,B & C. Autoradiographs of transverse sections of 

stage 30 saccular evagination . Higher labelling index in cup shaped 

saccules. A. Scale Bar=100 pm.

B. Scale Bar=50 pm.

C. Scale Bar=100 pm.

Figure 6-3 A&B Autoradiographs of stage 31 expansion stage cut in 

transverse section showing expanding lobules.

In A-Scale bar =100 pm.

In B-Scale Bar =50 pm.
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/
Figure 6-4 A, B, & C. Diagrammatical representation of the cell 

proliferation pattern during proventricular glandular morphogenesis.

A. During the early evagination stage there was a reduction of cell 

proliferation in the lobules (+) and the straight uninvaginated 

epithelium (+) as compared to pre-evagination rates.

\!

B. During saccular evagination stage the cell proliferation rate in 

the saccules (++) was higher than the uninvaginated regions.

C. During expansion, there was localization of higher cell 

proliferation in the expanding lobules(+++). The cell proliferation 

rates in the stalks were lower than the distal lobules.

Figures not to scale.
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CHAPTER 7

Morphogenesis of the gizzard glandular epithelium

The adult glandular epithelium forms simple tubular glands 

opening into shallow pits. From the base of the crypts, several narrow 

glands branch. The crypts are broad and very variable in height. Three 

types of cell occupy the adult glandular structure: elongated columnar 

surface mucous cells with dark, metachromatic, secretory granules; the 

chief cell which is the main type occurring in the tubular glands; and 

2-3 basal cells at the fundus of the gland (Hodges,1974).

Hibbard (1942) observed that the dark-staining Golgi 

apparatus changed its intracellular orientation during glandular 

morphogenesis. He also identified basal sprouting and secondary lumina 

formation. Toner, (1966) in a transmission electron microscopy study, 

suggested that the embryonic glandular differentiation passes through 

three consecutive phases. The first was an accumulation of Golgi and 

RER (7-11 days), which was followed by a secretory phase (13-18 days) 

during which lumina developed. Attainment of the adult state was the 

third phase (18 days). The thrust of these studies was towards 

studying glandular differentiation, not towards examination of the 

morphogenetic events, though these workers reported certain features 

of morphogenesis, such as basal sprouting, secondary lumina formation, 

and opening of the lumina to the main lumen. Thus little is known 

about the morphogenetic events that take place in the development of 

stomach simple tubular epithelium.

One of the main problems in gland formation that develop by 

cavitation is the origin of the microlumina in the stratified 

epithelium leading eventually to duct formation. The mammary gland
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develops as a stratified ectodermal knob condensation which 

penetrats the surrounding stroma (Hogg, Harrison, and Tickle,1983). 

Cavitation develops by de-adhesion of the walls of cells in the 

interior of the knob, which creates microlumina. The spaces were then 

sealed by tight junctions and penetrated by microvilli. These spaces 

expand, coalesce, and open to the general lumen.

Foetal rat duodenal villi develop by lacunae formation in 

the stratified epithelium. Cells away from the lumen develop tight 

junctional complexes (Mathan, Moxey, and Trier,1976). Secretion of 

small secretory vesicles form microlumina, which were delineated by 

the newly formed junctional complexes. Secondary lumina expand and 

coalesce and open into the lumen. Mesenchymal cells underlying these 

cells penetrate and form mesenchymal septa. Madara, Neutra, & Trier 

(1981) characterised the developing junctions as tight junctional 

complexes, desmosomes and a few gap junctional complexes. The 

junctional complexes developed prior to the microlumina formation, and 

they suggested that they form a nidus for lumina formations. Secretory 

vesicles opened into the junctional complexes.

The rat thyroid follicles develop by a similar mechanism, 

as the tight junctional complexes develop prior to lumen formation 

and they are seen delineating a potential lumen which is crossed by 

microvilli (Luciano, Thiele, & Reale ,1979).

The colonic epithelium develops by a process of 

microlumina formation. Colony and Neutra, (1983) reported cytochemical 

differentiation into an apical luminal type took place after the 

development of tight junctional complexes between the cells.

The purpose of this study is to examine the morphogenesis of the
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stomach simple tubular glands, and in particular to understand how a 

simple columnar epithelium changes to a stratified epithelium and then 

reverts to simple cuboidal epithelium, and also, to elucidate the 

mechanism of development of the numerous tubular glands, and the 

development of their ducts.

The chick embryonic gizzard tubular glands development was 

studied using thick one pm plastic sections for light microscopy and 

thin sections for transmission electron microscopy.
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RESULTS

In examining histological sections of the gizzard 

epithelium, there was variation in the development of the epithelium 

from one region to another.

STAGE 36

Epithelial cells lining the gizzard were tall, columnar with 

secretory granules. The cells were tightly packed with large, regularly 

shaped oval nuclei. The frequently observed mitotic figures were seen 

apically, and their plane of cleavage was perpendicular to the general 

lumen, so that the daughter cells contributed to the general growth of 

the epithelium and maintained the columnar structure (fig 7-1)

Stage 37 day 11

The epithelium was still columnar-shaped with a slightly 

undulating base. Ultrastructural examination (fig 7-10 a & b) showed 

that these cells were connected apically by junctional complexes and 

were connected in the middle by desmosomes. The epithelium rested on a 

fully developed basement membrane. Cellular organelles were situated 

predominantly supranuclear.The Golgi apparatus was seen oriented along 

the longitudinal axis of the cell. Three to four lines of long Golgi 

stacks and vesicles were observed. The rough endoplasmic reticulum was 

arranged along the longitudinal axis of the cell and found mainly 

supranuclear. Elongated mitochondria were found in all parts of the 

cell. They were particularly long in the apical part. Secretory 

granules were abundant in the apical part of the cell. However they 

were variable in density, probably reflecting their progression from 

pre-secretory vesicles to vesicles containing concentrated material to 

be extruded from the apex of the cell. These granules were membrane
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bound and imparted a distinct polarity to the cell and the epithelial 

sheet. At this stage longer finger like protrusions were seen apically, 

and the nuclei were mainly found in the middle of the epithelium and 

oriented along the longitudinal axis of the cell. Basally, the cell 

membrane was convoluted as it extended for a short distance into the 

tunica propria. This marked the beginning of sprouting into the 

underlying mesenchyme. The basement membrane was intact.

Stage 38 day 12

The first major phase in the development of the glandular 

epithelium of the gizzard now began. The epithelium was no longer 

columnar but has become stratified columnar in morphology and 

developed basal cellular sprouts that invaded the underlying 

mesenchyme (fig 7-2 a& b & fig 7-13). Stratification and sprouting 

developed concomitantly.

The stratified epithelium was made up of 4-5 cells in 

thickness. The cells in the sheet could be divided to an apical 

covering layer one cell thick; and deeper cells removed from the 

lumen. From the basal aspect of the basal cells, sprouts penetrated 

the underlying tunica propria.

At this stage a change in the plane of cleavage of mitotic 

figures was observed (fig 7-2a & fig 7-13). The new plane was parallel 

to the main lumen, so that the daughter cells contributed to the 

thickness of the sheet. Also in this stage, 20% of the mitotic figures 

observed were anchored to the basement membrane (Table 7-1). Mitotic 

figures were not seen at the tip of the sprouts.

The upper layer of cells that lined the gizzard main lumen 

was a polarised epithelial sheet. They were columnar, connected by
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apical junctional complexes and laterally by desmosomes. They were 

connected to the underlying epithelial cells by basal spot desmosomes. 

Secretory granules were abundant in this layer of cells and were 

mainly found clustered in the apex of the cytoplasm. They were 

variable in size, ranging between 300-1500 nm in diameter. Long finger 

like protrusions projected into the lumen.

The stratified epithelial cells removed from the lumen were 

elongated cells tightly packed to each other (fig 7-11). At this 

stage, most cells were unpolarised, lacked secretory granules, and 

were connected by desmosomes all around. There were also some cells 

which contained secretory granules. The distribution of these granules 

was variable. They were found mostly in the apical part of a basally 

situated cell, and conversely they were found in the basal aspect of a 

more apically situated cell. Thus these cells showed some cytoplasmic 

polarity, although they were connected to surrounding cells by spot 

desmosomes all around. Occasionally, an area of increased electron 

density of the cell membrane was seen, which may suggest the 

development of few scattered early junctional complexes.

Numerous cellular protrusions began invading the tunica 

propria. These sprouts (fig 7-11, fig 7-20 a ) are the future tubular 

glands. They invade deep into the tunica propria stopping at the edge 

of the smooth musculature. Arborization will proceed in later stages 

until these sprouts occupy almost the whole of tunica propria, and 

later they will begin to form their own lumina which will eventually 

coalesce with the lumina forming in the epithelial sheet.

The earliest sprouts were mainly cytoplasmic extensions into 

the tunica propria. They contained microfilaments arranged in
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longitudinal bundles oriented along the long axis of the sprout, (fig 

7-20 a).They were also found arranged in perimembranous areas.

Abundant mitochondria, rough endoplasmic reticulum, and free ribosomes 

were also present.

The basement membrane surrounding the whole of the 

epithelium was continuous and not interrupted at any point.

Day 13 stage 39.

The epithelium was stratified columnar in morphology. The 

upper covering layer of columnar cells maintained its polarisation 

towards the main lumen.

Within the stratified epithelium, the metachromatic 

secretory granules seemed to accumulate in mid-sheet, and were denser 

and more compact. It seemed that cells containing metachromatic 

secretory granules became associated with each other. A small lumen 

may be found (fig 7-3) within these granules and always associated 

with them.

The early process of microlumina formation was observed only 

in the electron microscope. Cells containing metachromatic granules 

ranging between 360-720 nm in diameter became associated with each 

other deep in the stratified sheet. There were different 

configurations of the association between the granule containing 

cells. Some microlumina developed between the apical surface of a 

basally situated cell and the basal surface of a more apical cell.

Also lateral to lateral surface association developed, and association 

between three cells could also be seen (fig 7-12 & 7-14 a & b).

In the stratified epithelium, secondary microlumina began to 

develop mainly at those regions where granule-containing cells were
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associated, a process which was only apparent in the electron 

microscopy. At the beginning, junctional complexes of structural 

features similar to the junctional complexes seen in the apical region 

of the cells and which were not seen before between the cells deep in 

the epithelium, began to develop (fig 7-15 a & b; fig 7-16). They were 

characterised by an increase in the electron opacity of the cell 

membrane, a decrease in the intercellular space. However, these 

junctional complexes lacked the localized fusion of the outer cell 

membrane characteristic of the tight junctional complexes. In this 

complex, the membranes were not wavy and undulating, rather they were 

straight. At the cytoplasmic faces of the junctions, a fibrillar, 

cytoplasmic organelle-free area was seen. Desmosomes were also seen, 

but they were not situated in the junctional plaque and were away from 

this junctional complex. In the area delineated by newly formed 

junctional complexes, potential lumina, which are the future secondary 

lumina, developed. Small 50nm to 290 nm secretory vesicles were seen 

to open into these potential lumina and short stubby microvilli 

extended into this potential lumen. Intra cytoplasmically, adjacent to 

this microlumen, condensation of the small clear secretory vesicles 

and metachromatic secretory granule was evident and they presumably 

opened into that space and continuously enlarge it. In these cells the 

Golgi apparatus was particularly active as numerous small vesicles and 

metachromatic secretory granules were observed at the vicinity of the 

accumulation of granules. Also abundant RER, microtubules, 

cytoskeletal elements, and centrioles accumulated in the vicinity of 

the complex.

The secondary microlumina enlarged as a result of opening up 
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of these secretory structures into the potential space (fig 7-17a).

The sprouts have now thickened and penetrated deeper into 

the tunica propria. The basement membrane was still intact and fully 

developed throughout. Cells within the sprouts were tightly adherent 

to each other and connected by desmosomes all around (fig 7-20b).

Thus the earliest sign of the development of the secondary 

microlumina was the development of apical type junctional complexes in 

the cells previously not connected by this type of connection. The 

apical junctional complexes are a manifestation of polarisation of the 

previously non-polarized epithelium. Secondary microlumina development 

followed, and predominantly, the contact point was delineated by these 

junctions.

Stage 40 day 14.

At this stage, the apical covering layer maintained its 

structure and polarity towards the main lumen. The sprouts have 

advanced deep into the tunica propria and were one to two cells wide, 

and the secondary microlumina have enlarged and have accumulated 

metachromatic staining (fig 7-17 B).

In the stratified epithelium, an increase in the depth of 

junctional complexes was apparent as the secondary lumina got larger. 

The junctions were seen beginning at the convergence of the outer cell 

membrane, with reduction in cellular interspace and increase in the 

electron density. However, fusion of the outer leaflet was not readily 

apparent. These may represent tight junctions. Also, more new 

junctions were seen connecting the cells that were in the process of 

forming new secondary lumina, which apparently was a continuous, 

progressive process. This was always associated with the location of
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the granules. Secretory granules were found in the cell adjacent to 

the lumen. Microvilli, short and numerous, with a filamentous core, 

projected into the lumen. Deeper in the cytoplasm, "active" Golgi were 

present, which presumably contributed a large number of secretory 

vesicles to be extruded, to amplify the developed lumen (fig 7-17 b).

Thus the hallmark of this stage was the amplification and 

enlargement of the secondary lumina.

Stage 41. DAY 15.

At this stage of development, the stratified epithelium 

contained numerous unpolarised cells dispersed between the cells 

making up the lumina. The apical covering layer was still polarised 

towards the main lumen. The secondary lumens have enlarged 

considerably. However, they did not extend into the sprouts (fig 7-4 & 

fig 7-18 a , b & c). The lumina were larger and surrounded by several 

cells that were polarised towards it. Mitotic figures were mostly seen 

in the basal aspect of the stratified epithelium. No mitotic figures 

were seen in the sprouts (table 7-1).

Secondary lumina were rounded or oval in shape. The cells 

appeared to recognise the secondary lumen as their apex and became 

polarised towards it. Thus, "apical" secretory granules were found.

The nuclei were flat and ovoid in shape and Golgi were found in the 

lateral domain of the cell. Microvilli and cilia projected into the 

lumen. Apically the cells were connected by tight junctions, which are 

found beneath the surface of the apical cytoplasm, and laterally by 

desmosomes (fig 7-18 b & c).

Stage 42 day 16.

The surface epithelium was still polarised towards the main
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lumen and there was further enlargement of the secondary lumina and 

the beginning of the confluence of the lumina in the sprouts and the 

main lumen (fig 7-5 a&b).

Along the longitudinal axis of the sprouting cells, the cell 

membrane of neighbouring cells developed junctional complexes with 

features similar to the junctions seen earlier in the stratified 

epithelium. They were characterised by a decrease in the intercellular 

space, and an increase in cell membrane opacity. The thin rim of 

adjacent cytoplasm was free of cellular organelles but contained 

fibrillar material (fig 7-21 a&b). However, they lacked the fusion of 

the external membranes characteristic of the tight junctions. 

Underlying the junctional complexes, a large number of secretory 

granules and secretory vesicles accumulated. The desmosomes in the 

developing junctional complexes in the sprouts were seen in the 

junctional plaque, unlike their relationship to the junctional 

complexes of the stratified sheet during microlumina formation. The 

secondary lumina of the sprouts enlarged, and the junctional complexes 

appeared, at our working magnification, to begin at the outer 

convergence of the cell membrane with apparent decrease in the 

intercellular space. These may be tight junctions. Also, a new class 

of large secretory granule, measuring 300 to 1400 nm and containing 

flocculant material was observed (fig 7-21 a). These were not 

metachromatic secretory granules.

Along this new junction intercellular microlumina 

developed. They contained flocculant material. It was surrounded by 

secretory granules, secretory vesicles, and the larger type of 

secretory vesicles observed.
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Stage 43 day 17.

The secondary lumina in the stratified epithelium and the 

sprouts have coalesced longitudinally and formed a longitudinal duct

like structure (fig 7-6). Coalescence took place not only 

longitudinally between the sprout and the stratified epithelium, but 

also horizontally between the secondary lumina in the stratified 

epithelium laterally (fig 7-6 & 7-7). However, not all secondary 

lumina have coalesced laterally but there remains cellular masses 

that were longitudinally oriented, which are like partitions. These 

masses will be called septa.

The lining cells were polarised towards the secondary lumina 

both cytoplasmically and structurally. They were cuboidal cells with a 

basal nucleus, and with apical secretory granules and apical 

microvilli, projecting into the secondary lumen. This layer was 

connected to the cuboidal cells lining the sprouts. The base of the 

septa rested upon a full uninterrupted basement membrane which 

separates the epithelium from the mesenchymal papilla.

The cells lining the glands have attained adult basic 

morphology. They were low cuboidal cells, with a basally situated 

nucleus, which was flat and ovoid in shape. From the apical surface, 

the cells projected short stubby microvilli into the lumen. They 

contained a filamentous core, and were surrounded by a fuzzy coating. 

Cilia projected into the lumen. The cytoplasm was mainly in the 

apico-lateral domain, with secretory granules situated apically. 

Laterally, abundant cellular organelles, such as RER, Golgi and 

mitochondria were found The cells were apically connected by tight 

junctional complexes and laterally by desmosomes, and rested upon a
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full uninterrupted basement membrane (fig 7-22 a & b ) .

Stage 44 day 18

The septa were covered and connected apically by the still 

intact apical covering layer. The upper ends of the septa were 

connected to each other by the apical covering cells.There were two 

cells types in the septa; the lining polarised cells, and the inner 

mass of unpolarised septal cells. The septa is the future site of the 

pits (fig 7-7).

Up to this point in development, the tubular glands were of 

equal length, from the base of the stratified epithelium to the tips 

of the sprouts. In the adult typical gastric glands, the distance 

between the surface mucous layer to the deepest point in the tubular 

glands was variable, as from the surface mucous cells, the glands will 

begin as pits also known as crypts, which lead to several tubular 

glands. In other words, the length of the connective tissue 

mesenchymal papilla, was up to this point in development equal (fig 25 

a). The length of the adult mesenchymal papilla on the other hand was 

variable (fig 7-9).

In septal cell remodelling, the epithelial cells detached 

themselves from each other and the mesenchymal papilla extended 

upwards towards the surface mucous cells into the spaces created 

between the septal cells (fig 7-8 & fig 7-23 a & b ) .  The septal cells 

developed large 200-400 secretory vesicles (fig 7-23 b, 7-24 a& b ,& 

7-25b). These were seen secreted into the intercellular spaces, which 

were thus enlarged. Across these spaces long slender finger-like 

lamellopodia were seen. These developments were exclusive to the 

septal cells.
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The basement membrane at the tip of the mesenchymal papilla 

became interrupted (fig 7-2 a & b ) .  This interruption was abrupt, 

without attenuation of the rest of the basement membrane. Through this 

interruption, the mesenchymal papilla extended for variable distances 

into the intercellular space of the inner unpolarised mass of squamous 

epithelial cells. Direct epithelio-mesenchymal cellular interaction 

was rarely observed at the uppermost tip of the mesenchymal papilla, 

as epithelial finger-like lobopodia extended into the mesenchymal 

papilla. In the uppermost tip of the mesenchyme papilla, the 

extracellular material was clear, with very few fibrils, suggesting 

that it was newly formed, in contrast to the extracellular material 

around the bottom of the gland which was filled with collagenous 

bundles.

Stage 45 and hatching

The final adult shape was attained at this stage. The 

epithelial covering layer necrosed and was shedded. Thus communication 

developed between the ducts formed and the main gizzard lumen (fig 7- 

26).It was found that the gizzard epithelial lining was arranged into 

gastric pits at the bottom of which several glands open. The cells 

lining the pit surface were tall columnar cells (fig 7-27) that 

gradually lead down to the lower cuboidal cells lining the glands (fig 

7-28).

The final phase in the development of the glandular 

epithelium was the shedding of the apical covering layer in toto.

The adult tubular glands was lined by cuboidal shaped cells 

that were apically connected by junctional complexes(fig 3-28 a & b ) ,  

and by desmosomes laterally. The cells rested upon a fully developed
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basement membrane and contained metachromatic secretary granules 

concentrated apically. The cells covering the pits were columnar in 

shape and contained apical mucous granules (fig 7- 27).
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Discussion

Gizzard glandular epithelium developed by a complex 

morphogenetic process in the last nine days of incubation which 

changed the epithelium from an initial layer of tall columnar 

epithelium to a simple cuboidal glandular structure.

At the beginning of morphogenesis, the epithelium became a 

stratified epithelium, which was a transient phase. The epithelial 

morphology changed, after the complex morphogenetic events, to a simple 

cuboidal type. The morphogenetic changes can be grouped into several 

phases;

i) Stratification of the epithelium and sprouting of the basal 

epithelial cells to form gastric glands.

ii) Formation of secondary lumina.

iii) Coalescence of secondary lumina and formation of a continuous 

cuboidal lining epithelium.

iv) Gastric pit formation by septal cell remodelling and mesenchymal 

papilla invasion.

v) Shedding of surface layer and opening up of ducts to the main 

lumen.

During stage 38 stratification developed when the mitotic 

cells changed their plane of cleavage to a plane perpendicular to the 

general lumen. In this way the daughter cells contributed to the 

thickness of the epithelial sheet, like the embryonic mouse skin 

(Sengel, 1976) when a change in the plane of cleavage of mitotic cells 

was associated with stratification. A stratified morphology is a 

common pathway in epithelia that develop by cavitation. The columnar
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layer was polarised towards the main lumen throughout morphogenesis. 

Then the cells away from the lumen were the first to engage in 

microlumina formation. Finally,the basal layer, which were initially 

the sprouting cells, developed secondary lumina. Thus throughout 

morphogenesis cells in each layer pursued a different developmental 

programme.

By the sprouting process the gizzard epithelium formed its 

glandular structure. Basal sprouts penetrated the underlying stroma, 

unlike the rat small intestine (Mathan, Moxey, & Trier 1976) and human 

small intestine (Moxey & Trier, 1978) and the rat colon (Colony & 

Neutra, 1983), in which the underlying mesenchyme penetrated the basal 

epithelium. Also, the sprouts penetrated the underlying tunica propria 

as a solid cord of undifferentiated cells which will subsequently 

cavitate. Cell division was not localised to the tips of the sprouts, 

as the position of mitotic figures was proximal to the penetrating 

epithelium. Thus sprouting may not have developed by addition of cells 

at the tips distally. However, bundles of intermediate filaments were 

seen oriented along the longitudinal axis of the sprouts together with 

abundant mitochondria, and ribosomes, which suggested that sprouts 

penetrated by active cell penetration.

Early in development, the mitotic figures were distributed 

throughout the stratified epithelium and the sprouts, and was 

progressively localised to the deep tubular glands as the final adult 

shape of the gizzard was established. As a result of this 

redistribution, the mitotic figures became localised to the deep 

tubular glands, which is characteristic of the cell proliferation 

pattern in the adult gizzard and other gastrointestinal glands. This
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redistribution was similar to that observed in the developing rat 

small intestine (Hermos, Mathan & Trier,1971), where the mitotic 

figures were found everywhere in the glands before they became 

localised to the deep tubular cells.

The formation of secondary lumina began at S39 when the 

cells with metachromatic secretory granules became associated with 

each other. The association thus developed between like cells; then 

the associated cells developed junctional complexes of structural 

features similar to the apical junctional complexes seen between the 

cells. They were characterized by an increase in the electron density, 

decrease in the intercellular space, and being surrounded by a 

fibrillar region which excluded the cellular organelles. However, they 

lacked the point fusion between the outer cell membrane characteristic 

of the tight junctional complexes (Farquhar & Palade, 1963). These 

associated cells also began extending microvilli into the potential 

lumina and to synchronise their cytoplasmic activity, as on the 

cytoplasmic side of the junction, small clear vesicles, metachromatic 

secretory granules, abundant active Golgi apparatus, RER, and 

cytoskeletal elements accumulated which were also evidence of 

cytoplasmic polarisation. Between these cells, and delineated by newly 

formed junctions, secondary potential lumina appeared, into which 

these small secretory vesicles and secretory granules opened, and 

short stubby microvilli projected. Thus secretory activity opened up 

small potential lumina that were going to enlarge by fusion of the 

vesicles with the cell membrane and by continuous secretion into these 

lumina. As these lumina enlarge the junctions became deeper and longer 

and were of structural features suggestive of being tight junctions as
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they were found in the immediate convergence between the outer cell 

membranes, with increase in the electron density, and reduction in the 

intercellular space.

This secretory activity was associated with a newly acquired 

structural polarity of which the newly developing junctional complexes 

were the hallmark. A similar mechanism seems to be operative in the 

development of the secondary lumina of the sprouts, but instead of the 

metachromatic secretory granules, there were large, secretory vesicles 

containing flocculant material. In the adult gizzard,the tubular 

glands developed a different secretion product from the covering pit 

cells (Akester,1985). Also the desmosomes were seen within the newly 

formed junctional plaques in the developing potential lumina in 

sprouts not in the stratified epithelium.

Our data agree with the description of secondary lumina 

formation in a number of other organs, like the human small intestine 

(Moxey & Trier, 1978) and the rat small intestine (Mathan, Moxey & 

Trier,1976; Madara, Neutra, & Trier 1981), the thyroid gland 

(Luciano,Thiele, & Reale 1979), mammary gland (Hogg, Harrison, & 

tickle, 1983) and the hepatic biliary canaliculus development 

(Luzzatto,1981), in that the junctional complexes developed prior to 

microlumina formation and may serve as a nidus for microlumina 

formation. These newly formed junctional complexes gave structural 

polarity to the epithelial cells and then the secretion of the 

secretory vesicles and the metachromatic secretory granules 

established the secondary lumina.

It seems that cells with metachromatic granules have 

acquired the capacity to secrete their material after adhering to each
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other. Thus the crucial step may be the selective adhesion to each 

other. Further enlargement would be by recruitment of more cells to 

face the lumina towards which the cells became polarised. Cells lining 

the lumina secreted continuously into the lumina and so enlarged 

them.

In phase (iii), random coalescence of neighbouring lumina 

takes place. The enlarged lumina extended from the epithelium into the 

tubular glands. This enlarged lumen was lined by cuboidal cells with 

flattened nuclei connected by apical junctional complexes. They were 

predominantly of the chief cell type; no hydrochloric acid secreting 

cells were found.

The remaining unpenetrated septa were made up of a core of 

unpolarised cells surrounded by mucous secreting covering polar cells. 

These septa extended from the base of the epithelium overlying the 

mesenchymal papilla to the apical surface covering cells. Septal cells 

lining the lumina were polarised towards them, and in the interior of 

the septa unpolarised cells are found. The cells lining the lumina 

were connected apically by junctional complexes, which may be tight 

junctions. Thus the inner cells were sealed from the exterior by the 

apical junctional complexes and the covering cells,and inferiorly, by 

the thick uninterrupted basement membrane.

The partial coalescence of lumina and the maintenance of 

cellular septa explained the finding made in adult gizzards where 

several glands opened into one gastric pit.The pits were the remains 

of septa. However,the septa have not at this stage assumed the adult 

pit morphology.

In phase (iv), remodelling of the septal cells to adult pit
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morphology took place. At S 44, the apolar septal cells detached from 

each other by secreting, in all directions, large secretory vacuoles. 

Large intercellular spaces were seen which were crossed by long, 

slender, finger like lamellopodia. The cells were attached by 

desmosomes to each other. Also, interruption of the basement membrane 

at the tip of the mesenchymal papillae was observed and the 

mesenchymal papilla extended into variable distances towards the 

covering cells. Furthermore, the extracellular material at the tip of 

the penetrating mesenchymal papilla was clear and devoid of 

intercellular collagenous fibrils, while that near the bottom of the 

glands was filled with collagenous fibrils in long bundles and in 

fibroblastic recesses, suggesting that the mesenchyme was older in the 

latter.Thus, it is suggested that during remodelling of the septa, the 

tip of the mesenchymal papilla invaded the space created by epithelial 

remodelling. It may be that the extent of the invasion was variable in 

different pits, which explained the unequal lengths of the pits,as 

seen in the adult.
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OF ANIMAL APICAL BASAL GLANDULAR
S 37 100% --- ---
S 38 77.6% 22% ---
S 39 57.5% 42.5% ---
S 40 16.2% 83.8% ---
S 41 0.7% 100% ---
S 43 --- 11% 88.6%

Table 7-1 shows the number of mitotic cells counted in 

different regions of the developing gizzard glands during successive 

stages in development.

With progression of morphogenesis, mitosis became localised 

to the basal position. As sprouts increased in depth into 

undifferentiated mesenchyme, the position of mitoses became 

increasingly farther from the surface, towards the adult position.
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Figure 7-1. Cross section through a stage 36 gizzard epithelial 

lining and the underlying tunica propria (TP). From the apex of the 

epithelial cells numerous finger-like protrusions extended into the 

lumen. Scale bar = 100 pm.

Figure 7-2 A. Cross section through the epithelial lining and

underlying tunica propria of a stage 38 gizzard at the beginning of

the morphogenesis of the glandular structure. The epithelium became

stratified with basal sprouts (sp) penetrating the tunica propria. The

apical finger-like protrusions were wider. The apex of the cells

contained clusters of metachromatic secretory granules(G) which were

also found in the inner cells of the epithelium but they were

scattered. Beginning at this stage, the mitotic figures were seen at

the basal aspect of the epithelium attached to the basement membrane

(arrowhead). The plane of cleavage of the mitotic figures was now

oriented perpendicular to the main gizzard lumen, so that the newly

formed daughter cells contributed to the thickness of the epithelial

sheet, not to the overall length of the organ. A small microlumina

could be seen in this section (arrow). Scale Bar = 50 pm.

Figure 7-2B. Stage 38 gizzard epithelium showing more condensed

secretory granules (g)in the cells away from lumen, and at the apex

of the cells lining the main lumen (L). Basally situated mitotic

figures (curved arrows).TP=tunica propria,S=sprouts.Scale Bar=50pm.

Figure 7-3. Cross section through the stratified epithelium of a

stage 39 gizzard showing aggregation and association of the

metachromatic secretory granules in the inner cells of the epithelium

and the development of more secondary lumina (arrows) by the 
association of the secretory granules. Scale Bar = 50 pm.
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Figure 7-4. Cross section through stage 41 gizzard showing enlargment 

of the secondary lumina (si), with lining cells polarized towards 

them. There were still unpolarized cells dispersed within the 

epithelium. The upper layer of cells(arrowhead) was still polarized 

towards the main lumen with abundant metachromatic secretory 

granules. L=lumen,sp=sprouts Scale bar = 50 pm.

Figure 7-5 A Cross section through gizzard epithelium, stage 42-43, 

in which the sprouts have extended through the thickness of the 

tunica propria (tp). The tubular glands have branched, and the mitotic 

figures (arrows) were seen in the sprouting glands at the tip and 

proximally. Scale bar =100 pm.

Fig 7-5 B Higher power of 7-5A , which shows secondary lumen (si), 

mitotic figures (arrows).

Scale bar = 50 pm.
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Figure 7-6. Cross section of stage 43 gizzard showing the secondary 

lumina (si) of the epithelium have fused with those of the sprouts 

and with each other. The covering epithelium was still polarized 

towards the main lumen. Scale bar =100 pm.

Figure 7-7. Cross section of stage 44 gizzard in which the secondary 

lumina (SI) have further coalesced with each other. There were some 

thick septa separating the lumina (arrows). The covering layer showed 

some necrosis. Scale bar =100 pm.

Figure 7-8. Showing the stage of pit formation by septal cell 

remodelling, where the mesenchymal septa have extended to variable 

distances (arrows). Scale bar =100 pm.
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Figure 7-9. Hatching and day one gizzard glands. T=tubular 

glands,c=crypts, m=surface mucous cells. Scale bar =100pm.
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Figure 7-10 A. Cross section through stage 37 gizzard showing long 

columnar epithelial cells with finger-like protrusions apically, 

which contained mitochondria. The epithelium was connected apically 

with apical junctional complexes. (X 1900).

Figure 7-10 B. Stage 37 gizzard showing apical metachromatic 

secretory granules (g), apical junctional complexes and finger-like 

protrusion (p).(X 4 600).

L=lumen.
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Figure 7-11. Survey electron micrograph at stage 38 showing 

stratified epithelium with unpolarized cells. There were large 

numbers of ovoid (0) unpolarized cells and differentiated (d) cells 

containing metachromatic secretory granules, which were associated 

with each other.sp=sprouts (X900).

Figure 7-12. Higher power of associated cells. The cells were of 

opposing polarity and have developed junctional complexes (arrows) 

between them. In the immediate vicinity of the junctional complexes, 

a newly formed small potential space developed between these cells 

(arrowhead). X4300
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Figure 7-13 A. A stage 38 Tricellular association in a fan-shaped 

formation between the cells containing metachromatic secretory 

granules. The granules have accumulated in the area of the 

cytoplasmic domain opposite that of the other cells. These cells were 

polarized as they developed new junctional complexes(arrows). The 

granules accumulate on one side, indicating their cytoplasmic 

polarity . X4300.

Figure 7-13 B. This shows two cells X & Y, with opposing polarities 

as indicated by their granules. n=nucleus, bm=basement membrane, sp= 

sprouts, g=granules X 4300.
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Figure 7-14.Diagrammatical representation of the stratified 

epithelium during stage 38. The epithelial cells were ovoid, 

connected by desmosomes (d) all around, and some developed 

metachromatic secretory granules(g). The basal layer extended sprouts 

(Sp)into underlying mesenchyme. The mitotic figures (M) were found 

throughout the sheet, but their plane of cleavage was perpendicular 

to the gizzard lumen(L).

Figure not to scale.

MES=mesenchyme
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Figure 7-15 A & B. Both photographs show the ultrastructure of an 

early junctional complex and potential secondary lumen (si). The 

early junctional complex around the potential lumen was characterized 

by an area of increased opacity of the cell membrane with reduction 

in the intercellular space (closed arrowhead) which leads to a wider 

intercellular space area (open arrowhead). This complex was 

surrounded on the cytoplasmic side by a fibrillar area which excluded 

the cellular organelles. The newly formed junctional segment was not 

undulating and wavy in its course, as other areas of the cell 

membrane, but was straight. Desmosomes (d) were seen in nearby areas 

but not in the junctional complex. Into the potential lumen, short, 

stubby microvilli (MV) extended. In the cytoplasm adjacent to the 

potential secondary lumen numerous clear secretory vacuoles (v) were 

seen emptying into this potential space and also metachromatic 

secretory granules (g). Mitochondria, RER, filaments(f) were seen in 

the vicinity of the junctions.

A (X 17500).

B (X 14 000).
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Figure 7-16. Diagrammatical representation of the early development 

of the secondary lumena.

The newly formed junctional complex delineated the early potential 

lumen. Metachromatic secretory granules, and secretory vesicles 

accumulated and were seen emptying into the newly formed lumen.

Figure not to scale.

L=lumen, g=secretory granules,v=secretory vesicles, G=golgi apparatus, 

Sp=sprouts, M=mitosis.
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Figure 7-17 A. Showing formed secondary lumina(sl) in a stage 39 

epithelium with secretory granules accumulated around it. (X 5800).

Figure 7-17 B . A stage 40 gizzard showing enlarged lumen(sl) with 

cells polarized towards it, with long junctional complexes (j). Note 

secretory granules (g) at the apex of cells, and microvilli(mv) 

projecting into the lumen. Desmosome(d) were seen in the lateral 

wall (X5700).
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Figure 7-18 A. Survey micrograph of Stage 41 showing established 

secondary lumina deep in the epithelium surrounded by polarized 

epithelial cells. The upper layer of cells is polarized towards the 

main lumen. L=lumen,sp=sprouts,sl=secondary lumen,tp=tunica propria 

(X 800).

Figure 7-18 B. Stage 41 gizzard epithelium showing a large secondary 

lumen with cells polarized towards it. The cells contained secretory 

granules in the apical aspect of the cell, and project numerous 

microvilli(mv). The nuclei were rounded, located basally. ( X4,000)

Figure 7-18 C.Another example of stage 42 secondary lumen with cells 

polarized towards it (X 4000)
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Figure 7-19.Diagrammatical representation of enlarged secondary 

lumina.

The microlumina have enlarged by recruitment of new cells. The cells 

surrounding the secondary lumen were polarized towards it with apical 

junctional complexes (j) seen apically, and microvilli (mv) 

projecting into it.

Sp= sprouts. SL=secondary lumen.

mv=microvilli,d=desmosomes,g=secretory granules, G= Golgi apparatus.
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Figure 7-20 A. Sprouts(Sp), early stage38. Sprouts extended slowly 

into the tunica propria (mes). They were surrounded by an 

uninterrupted basement membrane(bm). They contained mitochondria, 

RER, clear vesicles and intermediate filaments (IF) which were 

oriented along the longitudinal axis of the sprouts. ( X 15 000).

Figure 7-20 B. More mature sprout from stage 40 extending deeper in 

the mesenchyme (mes). The sprouts were made up of several cells that 

were not polarized. Numerous secretory vesicles , ribosomes and 

mitochondria were seen. The basement membrane (bm) is uninterrupted 

( X 6700).
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Figure 7-21 A. This is an example of microlumina formation in the 

sprouts. In the sprouts, secondary lumina (si) developed by a method 

similar to that of the stratified epithelium. New junctional 

complexes developed between the cells, which were characterized by an 

increase in membrane density, surrounded by fibrillar (f) elements 

which excluded cellular organelles. Clear secretory vesicles (v) and 

secretory granules (g) were seen close to the junctional complex. The 

vesicles are secreted near to the junctional complexes. Desmosomes 

(d) were seen in the junctional complexes. Mes=mesenchyme,bm=basement 

membrane,Sp=sprouts,r=RER. (X 13 100).

Figure 7-21 B. Another junctional complex (j) forming in a sprout. It 

was characterized by increased opacity of the cell membrane, decrease 

in intercellular space, and surrounding cytoplasmic densification. (

X 9020).

Lower photographic enlargment of the junction (j).
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Figure 7-22 A. Shows tubular epithelium from stage 43 gizzards. The 

cells were cuboidal with flat basally situated nucleus. The apical 

cytoplasm contained secretory vesicles and projected microvilli 

into the lumen. The cells rested upon a basement membrane .(X 12 300)

Figure 7-22 b. The cells were connected by apical junctional 

complexes which were nearest the lumen, with an increase in membrane 

density, and decrease in intercellular space. These features 

suggested, that.it was a,tight junction. However, the line of fusion 

of the outer cell membrane leaflet was not apparent.( X 117000).
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Figure 7-23 A. A survey picture of pit remodelling at stage 44. The 

secondary lumina have enlarged considerably and were open into the 

tubular glands (g) from the pits(p). The pits (also called crypts) 

were separated by cellular septa(se) which went through remodelling 

so that the mesenchymal papilla (pa) invaded upwards into them 

(arrow shows direction of invasion)

( X 350).

Figure 7-23 B. Higher power of marked block (asteriks) in fig 7-23A. 

In the septa the cells were of two types. The polarized cells (po) 

line the secondary lumen (SL) and the unpolarized (up) cells were 

found deep in the septa. The unpolarized cells secreted large 

secretory vacuoles (V)in all directions and the polarized cells 

secreted these vacuoles basally, thus creating large intercellular 

spaces (s) crossed by slender finger like filopodia (f). The 

polarized cells continue their secretion into the secondary lumen. 

The junctional complexes were pulled away from each other ( arrows). 

Pa=mesenchymal papilla, mes=mesenchyme. ( X 9500).
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Figure 7-24 A. Stage 44 septal remodelling stage, showing the 

epithelio-mesenchymal interface between the septal cells and the 

mesenchymal papilla. The basement membrane (bm) was abruptly 

interrupted and the mesenchymal papilla invaded into the spaces 

created by the epithelial secretions ( X 9500).

Figure 7-24 B. Another example of interruption of the basal lamina 

and invasion of’the mesenchymal papilla (pa)into these spaces( X 

9500).
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Figure 7-25 a. Diagrammatical representation of the stage prior to 

the beginning of septal remodelling. Following the confluence of the 

secondary (SL) and the tubular lumina (TL), there remained septa made 

up of an inner core of unpolarized cells (UC) covered with cuboidal 

cells polarized towards the secondary lumena. It is in these septa 

that the septal remodelling take place.

Figure not to scale.

Mes=mesenchyme.
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Figure 7-25 b .Diagrammatical representation of the septal 

remodelling process.

The septal cells secreted large secretory vesicles in all directions, 

and the cells lining the secondary lumina secreted the vesicles 

basally, thus creating large intercellular spaces crossed by slender 

filopodia. The basement membrane was interrupted and the mesenchymal 

papilla invaded into the spaces created by the epithelial secretions. 

Figure not to scale.

f=filopodia, v=secretory vesicles, Sl=secondary lumen, Mp= mesenchymal 

papilla, MES= mesechymal cells.
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Figure 7-26.Stage 45. The secondary lumina (SL)opened by necrosis of j

the overlying epithelial cells. ( X 3600).

L= main gizzard lumen, SL=secondary lumena, N= necrosis of cells.

Figure 7-27. Adult gastric surface epithelial cells ( X 4900). 

G=metachromatic secretory granule, mv-microvili.MES=mesenchyme.
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Figure 7-28 A & B. Adult tubular glandular cells.

L=tubular lumen, MES= mesechyme.

A (X 4600) & B ( X 4600)
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CHAPTER 8 

CULTURE OF EPITHELIAL CELLS 

From stage 38, the gizzard epithelium undergoes major 

morphogenetic changes as described in the last chapter. The simple 

epithelium became stratified and secondary lumina developed with the 

cells lining the lumen polarised towards it, and the cells away from 

the lumen remaining unpolarised. The basal cells penetrated the 

stroma and the cells formed microlumina which expanded, coalesced and 

finally opened to the general lumen.

Cell polarity is an important characteristic of epithelial 

cells. The apical surface faced the external milieu with microvilli, 

and the sheet was sealed by impermeable tight junctions (Farquhar,and 

Palade,1963), while the basolateral domain rested upon the basement 

membrane (Crejido, Robins & Dolen, 1978).

Epithelial cells in culture developed according to their 

developmental competence (Ishizuya-oka, 1983;Ishizuya-oka & Mizuno, 

1984: Montgomery ,Zinman & Smith, 1983), and have a requirement for 

like mesenchyme (Haffen et al., 1981; Kondo, Rose, & Young,1984). 

Also, culture conditions were important for realisation of the 

organotypic and differentiation potential of the cells. Cells plated 

on plastic maintain a monolayer towards the medium (Orci et al., 

1973:Emmerman & Pitelka,1977). They differentiated better when plated 

on a collagen substratum (Logsden,1983: Emmerman & Pitelka,1977). 

Also, when collagen was plated over the epithelial monolayer, the 

epithelial cells formed organotypic vesicles (Chambard, Gabrion,& 

Mauchamp, 1981;Hall, Farson, & Bissel, 1982 : Montesano et al.,

1983Montgomery, 1986:Yang et al., 1982:Yang et al.,1980) .
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In this chapter, the results of preliminary experiments of 

cultures of the epithelia are reported. Epithelial cells from stage 

38-39 gizzards, which were the transient stratified stage in which 

lumina began to form, were grown in varying culture conditions. 

Epithelial cells only were plated at varying densities, on plastic and 

on fibroblasts, and examined histologically and ultrastructurally.
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RESULTS

Stage 38 low density culture on plastic

Cells were plated on plastic at 100 000 cells/ml density and 

maintained for five days in culture. The epithelial cells formed 

characteristic colonies as seen under phase contrast microscopy. 

Colonies were rounded and variable in size. Individual cells could be 

identified and examined as the colonies were not of high density. 

Individual cells were hexagonal and their nuclei were rounded, 

surrounded by a clear cytoplasm.

Histologically a monolayer of cells was seen. Individual 

flattened cells were closely adherent to each other. Nuclei were 

flattened and basally situated with very little supranuclear 

cytoplasm. Secretory granules were found mainly in the lateral 

cytoplasm. They were small, rounded, deep blue in colour and found 

mainly scattered near the apex of the cell, not in densely packed 

clusters.

Ultrastructural examination of the cells showed that these 

cells (fig 8-1 a & b), were connected by apical junctional complexes 

to which apical dense bands made up of filaments were attached (fig 8- 

1b). Laterally the cells were attached by desmosomes to which 

intermediate filaments anchored (fig 8-1 b). The lateral cell membrane 

showed membranous interd^gitations. Also the lateral cell membrane 

overlapped with the lateral cell membrane of the adjacent cell. These 

cells rested upon a basement membrane and projected short stubby 

microvilli apically (fig 8-1 b).
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High density epithelial cell cultures on plastic 

Epithelial cells plated on plastic at 2 000 000 cells /ml 

formed colonies that varied in size, shape and density. Predominantly 

colonies were round with a thickened outer rim. The interior of the 

colony contained cells that were varible in shape reflecting the 

variable density and their position within the colony. Cells at the 

centre of colony were densely packed and rounded. Histologically, the 

cultures were multilayered, 1-2 cells thick and with overlap between 

cells. The upper layer of cells predominantly contained the small 

metachromatic secretory granules.

Ultrathin sections (fig 8-2 a,b,&c) showed that the upper 

layers of the epithelium were connected to each other by apical 

junctional complexes to which bundles of filaments are attached. 

Laterally, they were attached by desmosomes to the adjacent cells, and 

also they were attached by desmosomes to underlying cells and to the 

lateral walls of the cells with which they overlap. The overlap 

between two cells was extensive, and the two lateral cell membranes 

formed cytoplasmic interdigitation between them.

The upper layer of epithelial cells was found to contain, in 

the lateral cytoplasm, abundant cellular organelles, mainly Golgi and 

a large number of small secretory vesicles.

High density micromass cultures of stage 38 epithelium 

Epithelial cells were plated on plastic at 200 000 cells / 

pi. Under phase contrast microscopy colonies were seen to be very 

dense, in which individual cells could not be discerned, except when 

using a high power objective and scanning the periphery of the culture. 

Histology showed that the upper layer of cells was high
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cuboidal to columnar in shape. The secretory granules were 

concentrated at the apex of the cells. They appeared as dark blue 

rounded granules. In the lower layer, cells were flattened and did not 

contain secretory granules

Ultrastructural examination (fig 8-3 a& b) showed that the 

spaces between the cells were clear,as no extracellular matrix could 

be found, confirming that these were epithelial cells. Apically the 

cells invariably contained metachromatic secretory granules,and were 

connected by tight junctional complexes.Apical microvilli projected 

into the lumen. The cells of the lower layer were flat cuboidal and 

were devoid of secretory granules. They were connected by spot 

desmosomes to the cells of the upper layer. The nuclei were rounded. 

The cytoplasm contained abundant cellular organelles like RER, Golgi 

and rounded mitochondria.

High density epithelial cells cultured upon multilayered 

gizzard fibroblasts

Stage 38 epithelial cells were plated at 2000 000 / ml 

density on fibroblasts. They attached readily to them and were 

maintained for four days. Phase contrast examination showed that the 

overlying epithelial cells were flattened with large areas of 

cytoplasm surrounding the rounded, centrally placed nucleus. Histology 

showed flattened epithelial cells overlying several layers of 

fibroblasts. The upper epithelial cells were separated from the 

mesenchyme by an interrupted basement membrane, and showed no 

extracellular material in the spaces separating individual epithelial 

cells. The epithelial cells showed extensive overlap laterally as the 

epithelial cells were flattened .
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The distinctive feature of these cultures was the 

development of large spaces between overlapping regions (ig 8-4 & 8- 

5) of these cells and the lateral location in the cell of the 

secretory machinery and other intracellular organelles, together with 

the highly polarised cytoskeletal elements oriented along the long 

axis of the cells which was horizontal i,e a plane parallel to the 

plane of the cultures. These spaces, which resembled lacunae,were 

found only in the basolateral aspect of the epithelial cells and were 

spanned by finger-like processes extending from one cell to make 

contact with the other cell. Invariably these spaces were surrounded 

by apical and basal junctional complexes and in some locations by some 

basement membrane like material (fig 8-5, 8-6, 8-7, & 8-8 ). The 

apical microfilaments attached to the apical junctional complexes 

between two adjacent cells (fig 8-9). The basal microfilaments were 

most prominent just inside the plasma membrane attached to the basal 

junctional complexes. These filaments were highly ordered and excluded 

the cellular organelles and were oriented along the longer axis of the 

cells (fig 8-6 & 8-7 & 8-8). Microtubules were seen coursing along the 

longer axis of the cells, closely related to the cellular organelles.

Intracellularly, the nucleus was flat, basally situated.The 

cytoplasmic secretory machinery was fully developed. There was 

abundant Golgi apparatus in the lateral domain of the cytoplasm. 

Numerous vesicles of various sizes ranging between 400 nm to 2000 nm 

were seen. The latter seemed to be produced by coalescence of smaller 

vesicles. In their turn they opened into the formed secondary lumen. 

These cells developed rare, short, stubby microvilli projecting into 

the medium, and they did not develop secretory granules or vesicles
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apically. Rather, all secretory vesicle were 

secondary space (fig 8-6 & 8-8).

projecting towards the
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DISCUSSION

The epithelial cells of the gizzard lining behaved in a way 

similar to in vivo development, but were affected by culture 

conditions. When stage 38-39 epithelial cells, which were from a 

stratified epithelium were plated in low density on plastic they 

developed a monolayer which was polarised towards the medium. They 

developed metachromatic secretory granules and surface microvilli 

directed towards the medium and were connected by tight junctional 

complexes. When stage 38-39 cells were plated at high density, they 

were multilayered; similar to the in vivo condition. Thus, overlap in 

vitro may show that these cells, from the transient stratified stages, 

are inherently stratified and overlapping. Also, only the cells lining 

the medium developed metachromatic secretory granules on the face 

towards the medium. Again they were apically connected junctional 

complexes.

When stage 38-39 cells were plated at micromass cultures a 

definite multilayering was found. The upper layer maintained a tall 

columnar morphology with well defined polarity. Metachromatic 

secretory granules were clustered apically, and were structurally 

polarised towards the medium. However, underlying cells were not 

polarised and did not develop secretory granules, and were flattened. 

The morphology of these cells closely resembled the in vivo 

morphology. Microlumina did not develop in these cultures. It seemed 

that micromass culture conditions promoted tissue architecture but did 

not realise full organotypic potentialities.

When Stage 38-39 epithelia were plated on gizzard 

fibroblasts there was a considerable degree of overlap and the cells
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became flattened. The cells also altered polarity and developed 

secondary lumina along the basolateral aspect. Thus, these cells in 

this culture condition managed to form small lacunae similar to the in 

vivo secondary lumina. The cells have redirected their polarity from 

that towards the lumen, to that towards the adjacent lateral cells. 

There was a striking change in the cytoplasmic polarity, as abundant 

cellular organelles, such as RER, and variable sized secretory 

vesicles were seen opening into the incipient secondary lumen 

laterally. There was also a striking change in the structural polarity 

of the cells as they became connected with apical and basal junctional 

complexes which delimit the lacuna. Thus the formation of the lacuna 

was similar to the formation of in vivo secondary lumina in that they 

developed by exo-secretion delineated by junctional complexes.

There was also reorganisation of the cytoskeleton as 

microtubules became oriented along the longer axis of the cell and 

were closely related to the cellular organelles. Microtubules may 

bring about cell flattening and may be involved in the formation of 

the junctional complexes.

The microfilaments were also organised into two thick mats 

both basally and apically attached to junctional complexes. These may 

also be involved in cell shape change and tight junction formation.

In formation of the tight junctions, cytochalasin and colcemid 

treatment inhibit and retard, respectively, the formation of tight 

junctional complexes (Hoi-Sang, Saier, & Ellisman 1980).

These epithelial cells were engaged in redirection of 

polarity and lacuna formation. They have altered their polarity from 

that towards the lumen, to that towards their adjacent cells. When
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they shifted their polarity, they override the environmental stimulus, 

which was the medium, and shifted their polarity towards the other 

neighbouring cells and started secreting their vesicles to form 

microlumina. The method of lumina formation was similar to in vivo 

development of microlumina, as it was brought about by the cell 

secretions into a potential space. Also, similar to in vivo conditions 

the formed space was delineated basally and apically by junctional 

complexes, which might be sealing the lumen from the mesenchyme and 

the medium.

It is suggested that possibly the start signal for 

development of the microlumina came from the gizzard fibroblasts of 

similar age. The fibroblast substratum may allow plasticity for the 

epithelial cells to form microlumina ie., a permissive action.
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Figure 8-1 A.Stage 38 gizzard cells plated at low density on plastic 

dishes. The cells assumed a monolayer shape, polarized towards the 

medium (m). (X6750)

Figure 8-1 B. Higher power of A . Apically the cells were connected by 

apical junctional complexes and laterally by desmosomes(d). The cells 

developed secretory granules (g) directed apically towards the 

medium. They also formed microvilli (mv) towards the medium. (X 18750).

Figure 8-2 A ,B, & C. Stage 38 in high density culture on plastic.

The cultured cells were overlapping, and flattened. Only the apical 

cells which were in contact with the medium developed secretory 

granules (g), vesicles (V) and microvilli (mv) towards the medium. The 

cells in the underlying layer were extremely flattened with no 

polarity.

A ( X 5900), B ( X 5900)& C (X 5900)
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Figure 8-3 A & B. Cells of stage 38 plated on plastic in high 

density micromass culture conditions. The cells forming the upper 

layer were columnar (cc)in shape and polarized towards the medium 

(m). The cells apically were connected by apical junctional complexes 

and only these cells developed secretory granules (g) which 

accumulated in the upper part of the cells. The underlying cells were 

flattened, not polarized, and did not develop any secretory granules. 

A ( X 5200)& B (X 5200) 

m=medium
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Figure 8-4 . This is a montage of epithelial cells of stage 38 

gizzard plated on fibroblast of the same age gizzard. In the upper 

part of the micrograph were the epithelial cells, which were 

extremely flattened, lying on the multilayered fibroblast which 

occupied most of the micrograph. The intercellular spaces were wide 

and formed cisterns across which filopodia extended. At the base and 

apex of the cells there were long flattened microfilament at the base 

of the cells. Rare rudimentary microvilli-like structure extend into 

the lumen. The cells were connected by apical junctional complexes 

into which the flattened microfilaments attach (X 4000).

M  =m e s e n c h y m e  

E=epi thelial cells

C s  c i s t e r n s
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Figure 8-5. Diagrammatical representation of the development of 

lacunae between the epithelial cells plated on gizzard fibroblasts of 

the same age. Epithelial cells were flattened, lying on multilayered 

fibroblasts. There were intercellular spaces formed by the secretion 

of the large vesicles. The cells were connected by junctional 

complexes.

J= junctional complexes. L=lacuna. V=vacuoles. F=filopodia. af apical 

filaments. bf=basal filaments ,aj=apical junctions 

Figure not to scale
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Figure 8-6 .Stage 38 cells plated on fibroblasts, showing a 

flattened cell with a small lacuna (L) formed by the secretion of the 

constituents cells of clear secretory vacuoles (V). Curved arrows are 

in the direction of secretion. The cells have actually re-oriented 

themselves towards each other and secreted their vacuoles, not to the 

main lumen, but to the formed lacuna in between the flattened cells. 

These cells were no longer polarized towards the medium. Microvilli 

(mv), vacuoles(V), and filopodia (f) were polarized towards the 

lacuna. The lacuna were bounded up and below by junctional complexes 

(shown here the apical junctions-aj). There was a basal (bf) and 

apical (af) filamentous mat. Some basement membrane (bm) like 

material separates the epithelium from the mesenchyme (mes) (X 16 400)
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Figure 8-7 Diagrammatical representation of lacuna formation shown in 

figure 8-6. Microvilli (mv), vacuoles(V), and filopodia (f) were 

polarized towards the lacuna. The lacuna were bounded up and below by 

junctional complexes (apical junctions=aj and basal junctions which 

is shown in fig.8-8). There was a basal (bf) and apical (af) 

filamentous mat. Some basement membrane (bm) like material separates 

the epithelium from the mesenchyme (mes)

Figure not to scale.
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Figure 8-8. This montage is another example, in addition to figure 8- 

6, showing the secretion of the secretory vacuoles (V) into the 

lacunae laterally. The lacuna were bounded by junctional complexes 

basally (bj) and by basal micro-fibrillar bundles(bf) (X 19300)
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Figure 8-9 Showing apical microfilaments bundles attaching to the 

junctional complexes. (X 82500)

Figure 8^10. Stage 38 gizfcard epithelial cells on fibroblasts showing 

Microfilaments (f) and microtubules (mt) . (X 82500)
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CHAPTER 9 

GENERAL DISCUSSION 

GIZZARD ASYMMETRICAL MORPHOGENESIS 

The hallmark of gizzard morphology is asymmetry. It is a 

grossly dilated, dorsally protruding organ, in which the ventral 

surface is short and the dorsal surface is longer. In man and other 

vertebrates, the general condition of the shape of the stomach is 

similarly asymmetrical. The gizzard thus can be used as a prototype 

for the study of stomach asymmetrical morphogenesis. Gizzard 

asymmetrical morphogenesis passes through two stages; the first is 

evagination morphogenesis which brings about the basic asymmetry in 

shape, followed by dorsal expansion to attain a dorsally protruding 

large organ.

GIZZARD EVAGINATION MORPHOGENESIS 

It was shown in chapter 3, from light microscopic 

longitudinal histological sections that at stage 20, the gizzard was 

made up of a straight epithelial lining surrounded by undifferentiated 

mesenchyme which was condensed dorsally, and at stage 21 the basic 

asymmetry was brought about by evagination of the dorsal straight 

epithelium into the condensed mesenchyme.

Evagination morphogenesis might be brought about by a 

process of co-ordinated cell shape change, as the cells in the bulge 

were elongated, columnar cells, apically constricted and basally 

narrow. Cells in the bend were also elongated, apically constricted, 

but basally wider. The dorsal uninvaginated cells were shorter 

columnar cells. The active cell shape changes appeared to be related 

to the activities and orientation of the cytoskeletal elements.
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During evagination the cell proliferation rate of the bulge cells was 

lower by twofold than the dorsal uninvaginated epithelium and that of 

the pre- evagination stages. Thus evagination might be brought about 

by a contractile event in the bulge region.

How do cells change shape ?

Changes in cell shape might be brought about by forces 

intrinsic to the cells themselves. Apical constriction was prominent 

in the bulge, and more pronounced in the bend cells. At apical 

constrictions, transverse apical microfilament bundles, attached to 

apical junctional complexes were seen. Apical constriction is 

suggested to be brought about by contraction of these filaments on the 

basis of their differential distribution, intracellular localisation 

and orientation. These microfilaments were spatio-temporally 

correlated with the apical constriction and bending process, and they 

were thickened in the apices of the constricted cells of the bulge and 

the bend cells, but were thinner and attenuated in the shorter 

uninvaginated cells. They were attached to the apical junctional 

complexes and were thought to be actin filaments. Similar elements 

were thought to be contractile microfilaments, and were observed in 

numerous developmental processes (Wessells et al., 1971). They were 

thought to be contractile actin filaments as they were shown to bind 

heavy meromyosin subfragment S1, and were thought to be part of non 

muscle cells actomyosin systems. The suggested method of contraction 

of these filaments was by sliding of filaments, so that in contraction 

they become thickened and denser, and in shortening, they effect 

constriction, as their transverse orientation was correctly placed to 

effect apical constriction when contracted. Also, the observed apical
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blebbing that extends in to the gizzard lumen might be brought about by 

the constrictive effect of their contraction. The evidence supporting 

their role in apical constriction seems good and was discussed earlier 

(Chapter 1).

Cell elongation - the bulge and the bend epithelium were 

elongated cells. Cells can be elongated as a result of microtubules, 

cell proliferation, or change in cell adhesion as discussed in 

chapter 1.

As for the role of cell proliferation in the elongation of 

the gizzard bulge and bend cells, it was observed that the bulge 

increased in length steadily at a rate comparable to the reduced cell 

proliferation rate after evagination at stage 21. This suggests that 

there was no lateral limitation confining the bulge, so that cell 

population pressure did not develop. Thus cell proliferation did not 

seem to be responsible for cell elongation by population pressure 

which was thought to develop in the chick lens (Zwaan & Hendrix, 1973) 

and the otic placode (Meier, 1978 I & II). The lateral limit to 

expansion was the essential requirement for the generation of cell 

population pressure .

Within the bulge and bend cells, microtubules were seen 

arranged along the longitudinal axis of the cells throughout 

evagination, but were dispersed in the uninvaginated cells without 

particular orientation. They were long, straight, and found in all 

aspects of the cells and in close relation to elongated cellular 

organelles. It is suggested, thus, that cellular elongation might be 

brought about by microtubules. How microtubules bring about cell 

elongation is unknown (Trinkaus, 1984). It was suggested by Burnside,
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(1973) that microtubules may bring about cellular elongation by adding 

new elements; by active streaming of the cytoplasm apically and 

basally; cellular organelles streaming along the longitudinal axis; or 

by sliding past each other. The morphology of the microtubular 

orientation in the bulge cells was similar to the morphology of the 

microtubules of the neural elongated cells reported by Burnside 

(1973). As the microtubules were long, uncurved, and were oriented 

along the longitudinal axis and were found in the apices and bases of 

the cells, they may deplete the cytoplasm from the apex. They were also 

found in the perimembranous areas near the middle of the cells. The 

microtubules were also closely related to elongated cellular 

organelles, which were in turn oriented along the longitudinal axis of 

the cell, and thus they can cause streaming of the cytoplasm basally 

and apically to effect elongation. Also, they were closely related to 

each other, so that they could effect sliding of the microtubules past 

each other.

The 10nm intermediate filaments were oriented along the long 

axis of the cells in close association to the microtubules and 

desmosomes. The close association between the intermediate filaments 

and the microtubules was also suggestive of imparting stability and 

rigidity.

How does the basic asymmetry arise?

The observed cytological asymmetry between the bulge 

epithelium and the dorsal epithelium was brought about by changes in 

the bulge region. All the bulge cells were apically constricted and 

basally narrow. The bulge maintained this shape throughout the 

evagination stages. This change in cell shape might be brought about
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by a wave of simultaneous, co-ordinated contraction of the apical 

cortical microfilaments bundles, and polarisation of the microtubules 

along the longitudinal axis. The cells then became tightly adherent, 

and crowded and elongated. In other words the bulge epithelium 

developed by shrinkage of the dorsal cells which reduced its surface 

area and condensed it. Supporting this hypothesis was the finding of 

at least a 100 pm long bulge region in the earliest of evaginations, 

which suggested that the bulge developed rapidly, during stage 

21, (table 3-1). Contraction of the bulge may be likened to that of 

the urodele neural plate (Jacobson & Gordon, 1976) which was thought 

to shrink to form a keyhole-shaped plate prior to folding. The actual 

shrinkage was suggested to be brought about by apical constriction and 

cellular elongation of individual cells. In the urodele neural plate, 

as in the bulge, there remains the question of what stimulates the 

morphogenesis of these cells. Whether there is inductive interaction 

between the epithelium and its condensed underlying mesenchyme in the 

bulge remains to be determined.

How does bending take place?

The bending and continuous evagination might be brought 

about by cell shape changes in the bulge and bend area. It is 

suggested that as the bend cells apically constrict, elongate, and 

become basally wider, the wedging of the bend cells may bring about 

bending or at least initiate bending in this area by acting as a nidus 

for evagination. Basal widening was generally thought to result from 

either the apical constriction, or localisation of the nuclei in the 

base of the cells (Zwann & Hendrix,1973; Smith & Schoenwolf, 1987). 

Both mechanisms might be operative in the chick gizzard bend cells.
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Continuous bending might also be brought about by forces 

within the bulge epithelium, as the asymmetry in shape persisted 

throughout evagination stages. In the chicken embryo, disruption of 

the cytoskeleton not only caused cessation of the elevation at 

neurulation, but also complete collapse of the elevated folds 

(Karfunkel, 1972) and in numerous other occasions, (Chapter 1). 

However, there was also the possibility that higher cell proliferation 

in the dorsal uninvaginated epithelium might allow evagination to take 

place by, permissively, accommodating the bulging process. 

Alternatively, it might actively exert a population pressure, which 

might push the bulge caudally after the development of the bend. Thus, 

while bending might primarily be a contractile event, it could be 

helped by the active play of other factors in the gizzard epithelium.

The role of cell proliferation in evagination morphogenesis

Cell proliferation during evagination morphogenesis showed 

a distinct pattern but was not responsible for evagination. It was 

characterised by a two-fold lower cell proliferation rate in the bulge 

epithelium than the dorsal epithelium. Thus there was a reduction in 

cell proliferation rate of the bulging epithelium during evagination 

morphogenesis. However, there was still significant cell proliferation 

in the bulge region which elongated slowly as a result.

There were similarities between the pattern of cell 

proliferation during gizzard evagination morphogenesis and the chick 

thyroid morphogenesis (Smuts, Hilfer, & Searles,1978). In both organs 

the cell proliferation rate was lower in the evaginating bulging 

areas, reflecting the predominant role of cell shape change by 

contractility.
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Thus the observed cell shape changes in the bulging 

region as compared to the dorsal uninvaginated cells and the lower 

cell proliferation rates in the bulge suggested a contraction causing 

the development of the bulge and evagination morphogenesis.

In trying to explain evagination morphogenesis it is 

suggested that evagination was brought about by the interplay of 

several factors:

i) Forces that bring about the condensed region of the bulge 

which resulted in asymmetry of shape between the bulge and the dorsal 

epithelium. It is suggested that a wave of contraction in the dorsal 

epithelium caused the development of the bulge region.

ii) Apical constriction and basal narrowing within the bend 

caused, or at least provided a focus for initiating, the bend.

iii) Intrinsic forces in the bulging epithelium; the 

continued cell shape asymmetry between the bulge and the dorsal 

epithelium might drive continued morphogenesis.

iv) The growth of the different regions of the gizzard 

epithelium was different in different regions. More cell division in 

the dorsal uninvaginated region might accommodate the bulge region as 

it shifted caudally.

DORSAL EXPANSION OF THE BASICALLY ASYMMETRICAL GIZZARD

After invagination morphogenesis, development was 

characterised by dorsal expansion to attain a dorsally protruding, 

grossly dilated organ. The expanding gizzard epithelium did not 

branch.

The characteristic feature of this stage of development was 

the expansive nature of the process with the development, in the
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dorsal-most area of the gizzard of an expanding region made up of a 

cord of epithelial cells surrounded by undifferentiated mesenchyme. 

There were characteristic ultrastructural features, and a distinct 

pattern of cell proliferation was consistently observed in the 

expansion stage.

The role of cell proliferation in expansion morphogenesis 

In chapter 4 it was shown that the epithelial cell 

proliferation rate in the dorsal most region was consistently found to 

be higher than the rest of the epithelium. Thus, new tissue was laid 

down continuously and rapidly in the distal-most region. Since there 

was also a significant rate of cell division in the epithelium 

proximally, there was rapid elongation and expansion of the dorsal 

epithelium. Also, localised higher cell proliferation of the dorsal- 

most region of the undifferentiated mesenchyme brought about the 

dorsal expansion of the connective tissue elements of the gizzard 

wall. Thus localised higher cell division was the primary central 

mechanism of expansion morphogenesis.

Morphological features of the dorsal expanding region 

In the dorsal-most region of the epithelium some cells 

became apposed apically, reducing the lumen in between to a potential 

lumen and forming a cord of cells where the basal lamina was 

thin,scanty and interrupted . At interruption,basal epithelial blebs 

developed. There were direct epithelio-mesenchymal contacts.

The distal invasive cord was the most advanced penetrating 

region of the gizzard epithelium. It is suggested that the absence of 

lumen might allow easier invasion of the surrounding mesenchyme, and 

impart directionality to the invasion and expansion process. Unlike
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the solid penetrating masses of the tubular gizzard glands (Chap 7), 

and the unpolarised cell masses that penetrate the underlying stroma 

in mammary gland (Harrison, Hogg, & Tickle , 1983), and rat parotid 

glandular development (Redman & Sreebny,1970) the cord cells were 

polarised, but as a result of reduction of lumen, the cells 

penetrated, in effect, as a solid cord of cells. How the cells 

reduce and obliterate the lumen between them is not known, but the 

phenomena have been reported in the neural tube (Schoenwolf & Desmond, 

1984), and in chick colonic development (Romanoff, 1960).

Basal laminar thinning, interruption and epithelio- 

mesenchymal contact has been observed in other epithelio-mesenchymal 

organs during expansion morphogenesis. It has been suggested that 

basal laminar thinning and contact might be the result of localised 

rapid cell proliferation, as it was observed in the mouse 

submandibular salivary gland (Coughlin, 1975), and in the mouse 

expanding epithelium at the tip of the expanding lungs (Bluemink, 

VanMuirk, & Lawson, 1976). Basal laminar thinning was also observed at 

the tip of the expanding chick lung (Gallagher, 1985 I & II). Also, 

basal laminar thinning and epithelio-mesenchymal contact was also 

observed during differentiation of numerous organs, and was thought to 

mediate epithelio-mesenchymal induction by direct contact (Saxen et 

al., 1976). It was observed in the development of mouse kidney tubules 

(Lehtonen, 1975), in rat duodenal crypt development (Mathan,Hermos, & 

Trier, 1972), in odontogenesis, that contact was reciprocal with 

mesenchymal extensions into the epithelium (Slavkin & bringas, 1976). 

Cutler & Chaudhery, (1973) reported contact in the submandibular 

salivary gland before differentiation, and this also occurs in
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differentiating pneumocytes (Grants, Cutler, & Brody, 1983).

Thus in the gizzard expansion, the basal laminar thinning, 

interruption and epithelio-mesenchymal contact was correlated to 

rapid cell proliferation which was localized to the dorsal-most area. 

However, in the gizzard, the basal laminar interruption and contact 

was not found in the whole area occupied by the rapidly dividing 

cells, rather, it was only localized to the tip of the cord.

In the gizzard expansion phase, it is suggested that the 

thin interrupted basal lamina and scant extracellular material 

distally may allow expansion to less resistance areas, and the intact 

thick basal lamina and extracellular material proximally, may offer 

mechanical constraint. Together, these effects may provide 

directionality to expansion similar to the elongating quail anterior 

submaxillary salivary gland (Nogawa, 1981 & Mizuno & Nogawa, 1981).

As for the basal blebs and their development, an interrupted 

basal lamina was closely associated with the development of the blebs. 

It is suggested that these blebs represent areas of uncoupling between 

the plasma membrane and the cortical filaments bundles, and that an 

interrupted basal lamina helps basal blebbing, in agreement with 

Sugrue & Hays, (1981) observation. The showed that extracellular 

macromolecules influence organised the basal cell membrane and the 

cortical microfilament mat, as the corneal epithelial cells blebbed 

continuously when separated by trypsin, collagenase treatment and were 

cultured on plastic, glass or whichever substratum was devoid of extra 

cellular macromolecules.

The gizzard, like some other epithelio-mesenchymal organs, 

expanded by localisation of rapidly dividing cell populations
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distally. In the gizzard, however, there was also a rapidly dividing 

mesenchymal cell population, located also at the distal end, around the 

epithelial tip.

PROVENTRICULAR EVAGINATION MORPHOGENESIS

Prior to evagination, the straight epithelium was composed of 

densely packed tall columnar cells. Glandular morphogenesis began when 

the numerous lobulations developed in this sheet. Small evaginations 

then became saccular in shape. The cell proliferation rate was higher 

in the straight epithelium and then was reduced twofolds during 

evagination. In the cup-shaped saccules, the cell proliferation rate 

was higher in the saccules.

Evaginations developed by a process of co-ordinated cell 

shape changes. Short flask cells at the apex were apically constricted 

with wide bases. Laterally longer column shaped cells were apically 

constricted but were also basally narrow. Both cell types were shorter 

than the uninvaginated cells, which were tall crowded cells.

How does this shape change develop?

The shape changes in the evaginating lobules was correlated 

to the activities of the cellular cytoskeletal elements. The shape 

changes are suggested to be mediated by forces intrinsic to the cells 

themselves. In evaginating cells, apical transverse microfilament 

bundles were seen in the region of constriction attached to long 

segments of apical junctional complexes of the flask cells. The 

lateral column cells were also apically constricted, and apically 

thickened microfilaments were also seen in the constricted apices of 

these cells. Thus a contractile episode is suggested to have taken 

place and caused the cells to be apically constricted. The general
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evidence for contractility and the role of apical microfilaments was 

reviewed in chapter 1.

The lateraT wall column-shaped cells were also elongated and 

longer than the flask shaped cells and were basally narrow. 

Microtubules were strictly oriented along the long axis of these cells 

and associated closely with longitudinally oriented and elongated 

cellular organelles. It was suggested that the microtubules were 

causally related to cellular elongation by actively adding new 

elements, and by active streaming of the cytoplasm longitudinally, or 

by sliding actively past each other. These finding were in agreement 

with the criteria implicating microtubules in cellular elongation, the 

evidence of which was reviewed in chapter 1.

The proventricular exocrine glands developed by numerous 

evaginations similar to the development of chick oviduct epithelium 

(Wrenn & Wessels, 1970 & Wrenn,1971) and the rat pancreatic epithelium 

(Pictet, et. al.,1972). The cell shape change in the lobules was 

similar to the shape changes observed in the pancreatic evaginations, 

since in the latter rectangular shaped cells were found in the 

periphery of the evagination, which were similar in shape to the 

lateral column shaped cells. However, Pictet et. al.,( 1972) did not 

observe any particular orientation of the cytoskeleton elements. Also 

the morphology of evaginations were also similar to the morphology of 

the chick oviduct evaginations, in that in the centre of the 

evaginations there were flask-shaped cells and laterally there was 

elongated column-shaped cells. The role of the cytoskeletal elements 

was crucial in oviductal morphogenesis, for cytochalasin B arrests 

evaginations (Wrenn & Wessells,1970).
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The presence of long segments of apical junctional complexes 

and the polarisation of the cytoskeletal elements in the lateral 

column cells were suggested to give stability to the evagination 

process.

What is the role of growth in evagination?

Prior to evagination the cell proliferation rate in the 

straight epithelium was twofolds higher in the proventricular than in 

the adjacent epithelium. This was suggested to cause cell population 

pressure and cell elongation and crowding, prior to evagination in the 

whole of the proventricular epithelium. During evagination the cell 

proliferation rate dropped two-folds in the evagination and the un

invagina ted regions, which might be considered as a process of release 

of tension, and again showed antagonism between the cell proliferation 

and cell shape change. This antagonism was also observed in the 

evagination of the chick gizzard (Chap 3 & A). Thus evagination might 

be driven by increase in population pressure developing as a result of 

increased cell proliferation. Increased cell population pressure also 

developed in the lens placode (Zwann & Hendrix, 1973)and the otic 

placode (Meier, 1978 I&II), but not as a result of increase in cell 

division rate, but rather due to restriction of the placode within 

fixed boundaries. However, numerous evaginations in the pancreas 

(pictet,et al.,1972), and ciliary body folding (Bard & Ross, 1982 II), 

were suggested to develop as a result of increase in cell population 

pressure, by increase in cell proliferation and differential growth.

However, in the proventriculus, evaginations themselves were 

brought about by localized cell shape changes which might have been 

brought about by cytoskeletal elements causing localised contractile
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events. Thus, actual evaginations might be brought about by interplay 

of cell shape change and cell proliferation, like the chick oviductal 

epithelium in which cytochalasin B arrested evaginations, but 

hydoxyurea, which arrests growth, allowed slight evaginations to 

develop (Wrenn, 1971). Thus it is suggested that there is no 

contradiction in suggesting that evagination develops as a result of 

increase in population pressure and a mechanical mechanism based on 

contraction.

How do the lobules become saccular in shape?

When the proventricular epithelium became saccular in shape, 

cell proliferation rates in the cup-shaped saccules was higher than in 

the proximal uninvaginated segments. Thus, saccular morphogenesis was 

probably brought about by a localised increase in cell division. It 

also signalled the beginning of the proliferation pattern in the 

expansion phase, which was characterised by localisation of cell 

proliferation distally. This is different from the development of the 

cup-shape of the thyroid vesicle (Smut, Hilfer, & Searles, 1978) which 

formed a cup-shape by addition of new cells peripherally in the 

pharyngeal endoderm.

How does the epithelium evaginate: a suggested model

Evaginations are not a simple folding of epithelia, rather 

they are as if a group of cells were squeezed out. In the straight 

epithelial lining, population pressure was causing the cells to be 

increasingly elongated. It was suggested that an evagination developed 

when a contraction episode took place, which caused apical 

constriction in a small number of cells which would become rounded and 

contracted. This apical constriction might cause stretching of the
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apices of the surrounding cells to which they are tightly adherent by 

long junctional complexes, which might trigger their apical bundles 

into contraction, which caused further apical constriction (Odell et. 

al.,1981). Apical constriction also pushes the cytoplasm basally, and 

makes the cells flask-shaped. The shortened flask cells explained the 

observed curvature of the lateral column cell towards the centre of 

the lobule, as they are pulled towards the centre of the lobule. Then 

the flask cells led the evagination process into surrounding 

mesenchyme, and moved slowly into the underlying stroma. Lobule 

formation may be likened to the popping out of the condensed 

epithelium.

This change in shape, was stabilised by extensive 

junctional complexes, and further stability and rigidity may be 

offered by the lateral column shaped cells.

EXPANSION MORPHOGENESIS OF THE PROVENTRICULAR GLANDS

In further proventricular morphogenesis, expansion of the 

glands takes place. The expanding glands differentiated into a distal 

invading lobule with a proximal stalk. The distal lobule was made up 

of columnar epithelial cells and was somewhat ovoid in shape.

During expansion, the cell proliferation rate was highest 

in the lobules of the glands. New cells were added distally in the 

lobules, and as a result of still significant cell proliferation rates 

proximally, the newly added cells brought about the formation of new 

tissue elements distally, similar to the distribution of cell 

proliferation in the gizzard during expansion.

The hallmark of the expanding lobules of the glands was the
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scanty and interrupted basal lamina at the distal tip of the invading 

lobules, and scanty extracellular material ahead of the advancing 

lobule. Through interruptions, the basal epithelial plasma membrane 

blebbed. They made frequent contact with the mesenchymal cells which 

were oriented with their longitudinal axis perpendicular to axis of 

expansion. The intercellular space between the mesenchymal cells in 

front of the expanding lobule was devoid of extracellular material. 

Proximally, the stalk cell basement membrane was thick and fully 

developed and uninterrupted, and there was a layer of rounded 

mesenchymal cells closely apposed to the stalk cell basement membrane. 

Deeper and away from these cells there were oriented mesenchymal cells 

with abundant intercellular matrix material oriented parallel to the 

longitudinal axes of the mesenchymal cells, which in turn were 

oriented parallel to the stalk of the glands. From these mesenchymal 

cells blood vessels develop.

The proventricular glandular expansion thus developed by 

localisation of rapidly dividing cell population to the whole of the 

lobules. However, it was only to the tips of the advancing lobules 

that the basal lamina was thin and interrupted. Thus cell 

proliferation was correlated to basal laminar thinning and 

interruption. Again, similar to the gizzard, the region ahead of the 

advancing lobule was devoid of extracellular material, However unlike 

the gizzard, the proventricular epithelium did not develop into a 

distal cord .

The differential distribution of the extracellular 

material, being scanty ahead of the expanding lobule and the 

orientation and distribution of the mesenchymal cells, being closely
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abutted to the thick basement membrane proximally, may impart a 

mechanical constraint proximally and less resistance to invading 

lobule distally. It is suggested, that while expansion may be driven 

by cell proliferation, the differential distribution of extracellular 

material might impart directionality. This situation is similar to the 

expansion morphogenesis of the gizzard as explained earlier and the 

anterior quail submaxillary glands expansion in which the interruption 

of the basal lamina was restricted to the tip of the invading glands 

only and the gland was surrounded by constraining elements proximally 

( Nogawa,1981 & Mizuno & Nogawa, 1981).

The redirected glands continually expand distally with 

branching morphogenesis taking place. Expansion continually takes 

place by a similar pattern of localised cell proliferation, and 

branching takes place by repeated evaginations from the outer aspect 

of the epithelium. Clefts develop in the expanding glands. In the 

clefts, tightly packed cells were seen with basal lobopodia. Clefts 

served to stabilise the glands. These clefts were comparable to those 

observed in the morphogenesis of the submandibular salivary glands, 

but they were spatially remote from the tip of the expanding lobules. 

Thus the proventriculus and the chick lung (Gallagher, I & II 1986) 

developed in a similar way, in that the branching morphogenesis in both 

of these organs took place proximal to the invading lobule, unlike 

the submandibular salivary glands, in which the rapidly dividing cells 

and branching cells and the cleft cell were all localised at the very 

tip of the expanding glands. Thus in the chick proventriculus, these 

three regions of differing cellular activities, namely the dividing 

region, the cleft and the branching regions, were uncoupled from each
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other, but the principles of expansion, cleft formation and branching 

were the same as those of the mammalian epithelio-mesenchymal organs 

and the chick.

MORPHOGENESIS OF TUBULAR GLANDS OF THE GIZZARD 

The mature gizzard glandular epithelium is made up of a 

simple tubular glandular structure opening into shallow pits. Its 

morphology is similar to the fundic glands of the human stomach 

(Hodges, 1974).

The morphogenesis of the gizzard glandular structure can be 

divided into several phases;

1- The columnar layer transiently stratified.

2- The basal epithelial layer of the stratified epithelium invaded the 

underlying tunica propria mesenchyme to form the tubular glands.

3- The stratified epithelia formed secondary lumina. Secondary lumina 

also developed in the sprouts.

4- Coalescence of secondary lumina and formation of continuous lining 

cuboidal epithelial cells.

5- Gastric pit formation by septal cell remodelling phase.

6-Shedding of surface covering layer and opening up of ducts to the 

main lumen.

Stratification phase 

From straight long columnar cells, the epithelium at stage 

38-39 became stratified. Stratification might be brought about by the 

change of plane of cleavage of mitotic cells. The new plane of 

cleavage was perpendicular to the general lumen, so that division led 

to increased the thickness of the epithelium. Stratification of the 

gizzard epithelium was similar to the stratification of the mouse
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epidermal cells in that epidermis stratified by a change of plane of 

cleavage(Sengel,1976). Cell proliferation was also associated with 

thickening of the human, rat, and ovine small intestine as mitotic 

figures were seen in stratified epithelium (Moxey & Trier, 1978; 

Mathan, Moxey & Trier, 1976: Trahair & Robinson, 1986). However no 

report of the plane of cleavage of mitotic cells was available. In the 

expansion of the rodent forebrain, directed mitoses were instrumental, 

as cells were dividing in the midbrain area and are thought to migrate 

cranially to effect expansion (Jacobson & Tam, 1982:Morris-Kay, 1981: 

Tucket & Morriss-Kay, 1985). Thus mitosis and the changes in the plane 

of cleavage of dividing cells might be central to the morphogenetic 

process.

Not only was there a change in the plane of cleavage of 

mitotic cells, but there was also mitoses throughout the epithelium. 

Mitotic figures became localised to the deep tubular glands as the 

epithelium progressed through morphogenesis, which was the adult 

pattern of cell division in the stomach of different species. The way 

in which this pattern was achieved was similar to the small intestinal 

villi (Hermos,Mathan & Trier, 1971) in which the mitotic figures were 

found all over the villi and then became localised to the deep 

structures.

Stratification of the epithelium probably allowed the 

development of a positional field in which the cells in different 

positions developed along a different developmental programme. The 

apical cell layer remained a monolayer that was polarised towards the 

gizzard lumen throughout development. The underlying unpolarized 

cells developed microlumina by association and secretion of fluid
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material. Finally the basal epithelial cells sent penetrating sprouts 

to form tubular glands.

Development of tubular glands

At stage 38-39, the morphogenesis of the tubular glands 

began when basal epithelial sprouts penetrated the mesenchyme. Sprouts 

were solid columns of unpolarized epithelial cells. It is suggested 

that glands developed by forces generated within the sprouting cells, 

as bundles of intermediate filaments were polarised perpendicular 

along the long axis of the sprouts. Also, there were abundant 

mitochondria, RER and ribosomes. The mitotic figures were 

consistently observed proximal to the sprouts tips, unlike the 

position of the mitosis during gizzard expansion and proventricular 

glandular morphogenesis, and so growth was not responsible for the 

penetration of the sprouts. Thus the deeper glands developed in a way 

similar to the development of the mammary glands (Hogg, Harrison & 

Tickle,1983) and the rat parotid gland (Redmann & Srebeeny, 1970), 

which also penetrated the underlying connective tissue as solid cords 

of cells, but different from the rat small intestinal villi, (Mathan, 

Moxey, & Trier, 1976) and the human small intestine ( Moxey & Trier, 

1978) and rat colon (Colony and Neutra, 1983) which were penetrated 

from below by the underlying mesenchyme. The basement membrane was 

uninterrupted throughout this early stage, unlike the later stages of 

pit development.

Development of secondary lumina

Secondary lumen formation was only apparent,in its earliest 

stages, in the electron microscope. This was preceded by the 

appearance of junctional complexes, of structural features like the
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apical junctions, deep in the epithelium. The junctional complexes 

delineated a potential lumen into which microvilli projected. Both 

clear secretory vesicles and metachromatic secretory granules, were 

seen in the vicinity of the complex. Enlargement of the potential 

lumina, was brought about by secretions of the cytoplasmic clear 

vesicles and metachromatic secretory granules into the areas 

delineated by newly formed junctional complexes.

Our data agrees with the description of the sequence of 

appearance and role of the junctional complexes observed in the 

development of microlumina in the fetal rat small intestine 

(Mathan,Moxey & Trier,1976), and the human small intestine (Moxey & 

Trier, 1978) in that the early junctional complexes were characterised 

by a decrease in the intercellular space, increase in the electron 

opacity of the cell membrane, and increase in density around 

junctional complexes, and that no fusion between the apposing cell 

membranes was seen. This latter finding was in disagreement with 

Montesano et al., (1975) finding in which he reported apposing cell 

fusion in the fetal rat biliary canaliculi. Our finding also agreed 

with the findings in the thyroid gland (Luciano, 1976), in the 

mammary gland (Hogg, Harrison and Tickle, 1983) and in hepatic biliary 

canaliculi development (Luzzatto,1981), that tight junctions form the 

nidus of secondary lumina formation. The development of the junctional 

complexes is a sign of development of structural polarity of these 

cells, which they lacked previously, as they were surrounded by 

desmosomes. A further sign of the acquisition of a new polarity were 

the short stubby microvilli which projected into the new lumen. The 

newly polarised cells synchronised their cytoplasmic secretory
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activity: on the cytoplasmic side of the association, clear vesicles, 

secretory granules, Golgi, RER, centrosomes, microtubules accumulated, 

as cytoplasmic polarisation was developing. The origin of polarisation 

may be related to development of the junctional complex. As the 

secretion of vesicles proceeded, nascent membrane particles inserted 

into the apical membrane,thus imparting membranous polarity to the 

cell.

It was apparent that these cells at first associated with 

each other, and then developed tight junctional complexes. Initial 

adhesion thus played an important morphogenetic role. Initial 

adhesion might be brought about by physico-chemical forces which were 

strengthened by tight junctions (Maclay & Ettensohn, 1987).

Enlargement of the secondary lumina took place by continuous 

secretion into these lumina by means of small vesicles and 

metachromatic secretory granules and by continuous recruitment of new 

cells into the secondary luminal structures. No mitotic figures were 

seen in the stages of later microlumina formation, which ruled out the 

role of growth in the enlargement of the secondary microlumina.

After continuous enlargement of the lumina in the epithelium 

and the tubular glands, coalescence of these components took place 

which gave rise to a large secondary lumen, which later opened to the 

general lumen.

The question that arises then is how did junctional 

complexes come to be located at the site of future lumen, and how did 

the basic asymmetry of the cytoplasm develop? This is unknown, but the 

construction of the junctional complexes appeared to be controlled on 

a local basis, and it might be related to actual aggregation and cell-
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to-cell contact (Maclay & Ettensohn, 1987).

Development of pit cells

Not all of the enlarged lumina communicated with each other 

laterally, for there would still be septa made up of an inner mass of 

apolar epithelial cells surrounded by epithelial cells polarised 

towards the enlarged lumen. These septa separated the lumina from each 

other along the length of the lining epithelium. At this stage the 

mesenchymal elements separating the tubular glands extended for an 

equal distance upwardly. In the adult gizzard, the mesenchymal septa 

extended to different lengths, as they made up the connective tissue 

stroma of the lining pits, in addition to those of the tubular glands. 

The epithelial lining of the pits in the adult was a single layer of 

columnar epithelial cells resting upon a connective tissue stroma. The 

method of development of this single layer of epithelial lining and 

extension of the mesenchyme upwards was by septal cells remodelling.

In septal cells remodelling the unpolarized inner cells 

detached from each other by secreting large vacuoles containing 

electron lucent material. These vacuoles were secreted from all over 

the cells, thus creating large intercellular clear spaces crossed by 

long slender filopodia that made contact with each other. The cells 

looked as if they were pulled from each other as they remained 

attached only by desmosomes.

Concomitantly the basement membrane became abruptly 

interrupted but not attenuated in other areas, through these 

interruptions; the underlying mesenchymal papilla extended to a 

variable distance into these pits. The intercellular spaces in the 

uppermost area of the mesenchymal papilla were conspicuously clear and
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devoid of extracellular fibrils. On the other hand the mesenchymal 

cells in the deep tubular gland area were rich in extracellular 

collagenous fibrils.

Thus by a process of epithelial cells remodelling and 

mesenchymal cell penetration pits developed.

ORGANOTYPIC POTENTIALITIES OF GIZZARD EPITHELIAL CELLS IN 

TISSUE CULTURE

Preliminary experiments in cells culture suggested that the 

cells have intrinsic properties which led to development in a way

similar to their in vivo development.

Epithelial cells from stage 38-39, which were stratified in 

vivo, developed considerable overlap, when plated at a moderately high 

density. This overlap showed the inherent stratified nature of these 

cells, reflecting the in-vivo stratified configuration. The cells 

which faced the medium developed secretory granules in the apical 

aspect of the cytoplasm. The cells that were deep, away from the 

medium, did not develop secretory granules. The upper cells were 

connected by junctional complexes apically and desmosomes on the 

lateral surface. The same stage cells formed monolayers of polarised 

cells with metachromatic secretory granules, when plated in low

density on plastic, thus forming a similar configuration to that

observed in vivo.

Stage 38-39 cells developed definite multilayering when 

plated in micromass culture conditions. The upper layer of cells were 

low columnar in shape and polarised towards the medium. They developed 

apical secretory granules. The underlying cells were flattened, 

unpolarized, and thus this configuration mimics the in vivo conditions
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of these cells. No microlumina developed in this culture condition. 

Thus micromass cultures seemed to promote normal tissue architecture 

not morphogenesis.

Stage 38-39 epithelial cells developed microlumina when 

plated on gizzard fibroblasts of similar age. These cells changed 

shape as they became flattened with a considerable degree of overlap. 

These cells also altered polarity, and developed secondary lacunae in 

the lateral intercellular space. Thus these cells managed to form 

microlumina similar to in vivo development. These cells have thus 

redirected their polarity from that towards the lumen, to that towards 

adjacent lateral cells. There was a striking change in cytoplasmic 

polarity, to the lateral domain as abundant cellular organelles, like 

RER, variable sized secretory vesicles and clear secretory vacuoles 

were seen opening into the incipient secondary lumen laterally.

There was also a striking change in the external structural 

polarity, as cells became connected by apical and basal tight 

junctional complexes which delimited the lacuna thus formed, again 

similar to the role of the sealing tight junctions in vivo. Also into 

the lacunae, microvilli and filopodia projected. Only rare microvilli 

projected into the medium.

These preliminary experiments suggests that the epithelial 

cells developed according to their developmental programme and that 

they might require the mesenchyme to realise their organotypic 

potentialities.

Epilogue

At the beginning of this work, the chicken stomach 

development seemed obscure. It is the business of science to clarify

340



areas of ignorance so that the right questions can be formulated, and 

analysis and further experimentation can begin. This organ is now open 

to in vitro investigation, so that precise analysis of the contribution 

of each fact can be elucidated.
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Summary of results

The asymmetrical morphogenesis of the gizzard was examined 
using light and transmission electron microscopy. At S20 the gizzard 
was a straight epithelial tube surrounded by undifferentiated 
mesenchyme which was condensed dorsally. At S21 the dorsal epithelium 
evaginated dorsally. The bulge and the bend cells were tall elongated 
columnar cells which were constricted apically and narrow basally. At 
the constriction there were transverse microfilaments. Microtubules and 
intermediate filaments were oriented along the long axis of the cells. 
At S26 dorsal expansion began: at the
dorsal-most region, an epithelial cord of cells developed which was 
surrounded by undifferentiated mesenchymal cells. The basement 
membrane of the cord cells was thin and at times interrupted. Through 
interruptions, the basal epithelial surface blebbed and made contact 
with adjacent mesenchymal cells. The cell proliferation pattern was 
examined using tritiated thymidine autoradiography. Prior to 
evagination the labelling index was slightly higher than the ventral 
epithelium. The labelling index of the bulge was reduced and was lower 
than that of the un-evaginated region. During expansion,the labelling 
index was higher in the dorsal-most epithelium. Similarly the 
labelling index of the surrounding undifferentiated mesenchyme was 
higher than the rest of the connective tissue.

Proventricular glandular morphogenesis began at S28 when 
numerous evaginations developed in the straight epithelium. Two types 
of cell morphologies were seen in the evaginating lobules. At the apex 
of the evagination,there were flask-shaped cells which were apically 
constricted with a rounded nucleus. In the lateral wall of the 
lobule,the cells were elongated column-shaped,which were also apically 
constricted,but were basally narrow with the microtubules,intermediate 
filaments and cellular organelles oriented longitudinally. In both 
types of cells apical transverse microfilaments were seen at 
constriction. The lobules then become saccular in shape. The saccules 
then expanded,radially at first then redirected craniad. The hallmark 
of the exapnding tubules was the thin and interrupted basement 
membrane at the distal tip. Through interruptions the basal epithelial 
plasma membrane blebbed and made direct contact with the mesenchyme.
The cell proliferation pattern during glandular morphogenesis was 
examined using tritiated thymidine autoradiography. The labelling 
index of the proventricular epithelium was higher than that of the 
proventricular-gizzard junction. During evagination the labelling 
index decreased in the evaginations and the un-evaginating regions. The 
labelling index of the saccular glands was higher than the labelling 
index of the straight un-evaginated regions. During expansion,a higher 
labelling index was localized to the distal expanding tubules.

Gizzard tubular glandular morphogenesis began when the 
columnar lining epithelium transiently stratified,and basal 
penetrating sprouts invaded the underlying tunica propria. The plane 
of cleavage of mitotic figures changed to perpendicular to the main 
lumen so that the cells add to the thickness of the sheet. Small 
microlumina developed in the stratified and the sprouting epithelium 
which were delineated with junctional complexes of the apical type.



The secondary lumina then enlarged and coalesced. The crypt cells 
developed by a process of cell detachment and penetration by the 
underlying mesenchymal papilla. The secondary lumina opened up by 
necrosis and shedding of the overlying epithelium.

In tisssue culture, epithelial cells from S38-39 transiently 
stratified stage formed a monolayer when plated on plastic at low 
density, with apical metachromatic secretory granules. When plated 
at high density they overlapped with the upper cells forming 
metachromatic secretory granules. When plated as micromass culture 
they formed definite multilayering, with the upper cells only 
developing metachromatic secretory granules. However, when plated on 
same age gizzard fibroblasts,they developed,in the lateral aspect 
between the the cells, small microlumina. These lacunae were 
delineated by apical and basal junctional complexes. The cells 
redirected their polarity towards the secondary lumena.
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