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ABSTRACT

Hemopoiesis in the liver of the chicken embryo begins on day 7 of incubation
(Hamburger and Hamilton Stage 30) and peaks on day 14 (Stage 40). During this
time frame, the differentiation of hepatic and hemopoietic cells was studied by light
microscopy and by transmission and scanning electron microscopy. Morphometric
analyses were performed on the light and electron micrographs.
The avian liver is a closely packed array of dendriform cords and
discontinuous sinusoids. Hepatocytes are pyramidal in shape, and they ring the bile
canaliculi which run through the centers of the hepatic cords. Semithin sections,
made possible by infiltration and embedding in glycol methacrylate, were stained with
hematoxylin and eosin to reveal the general architecture of the liver, as well as the
lipid content of the hepatocytes, and by the periodic acid-Schiff reaction and
hematoxylin to visualize the cytoplasmic stores of glycogen.

Differentiating

hepatocytes were scored for the presence or absence of glycogen and lipid.
Glycogen-containing cells fluctuate during early hemopoiesis, but the cell proportion
progressively increases toward the hemopoietic peak. Most hepatocytes lack lipid
droplets until Stages 39 and 40. From Stage 30 to Stage 35, hepatocyte volume falls
to its lowest value. Subsequently (Stages 36 to 40), cell volume increases and
hepatocytes achieve a relatively constant size.

Ultrastructural changes in the

differentiating hepatocytes, including alterations to the mitochondria, endoplasmic
reticulum, and Golgi apparatus, were documented. This cell survey was extended to
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the sinusoidal linings (endothelial cells and Kupffer cells) and to the perisinusoidal
cells between the cords and sinusoids.
Glycol methacrylate sections were used in lieu of blood smears to study
hemopoietic cells, thus overcoming such undesirable traits as cell shrinkage and/or
rupture. Sections proved superior to smears for detailed examinations of nuclear and
cytoplasmic morphologies and for precise localization of hemopoietic cells to
intravascular and extravascular sites. The avian liver, it was found, is directly involved
only in erythropoiesis and granulopoiesis.

Erythropoietic cells were observed

throughout the hemopoietic time frame, but blood islands with granulopoietic cells
did not appear until Stage 35.

Endothelial cells of the sinusoidal linings are

important to erythropoiesis. Asymmetric cell division can release one daughter cell,
a proerythroblast, into the circulation, while retaining the other daughter cell in the
sinusoidal lining as an endothelial cell. Involvement of endothelial cells in no way
discounts a contribution by erythropoietic stem cells. Granulopoiesis in the liver
produces only eosinophilic leukocytes. Individual granulopoietic cells appear first in
the connective tissue sheaths of hepatic blood vessels, and these cells later congregate
into large blood islands. From a comparative standpoint, the elements deemed
critical to hemopoiesis in the mammalian liver - the hepatic vasculature, the
prehepatocyte population, and the compartments for stem cell differentiation - may
not hold the same relevance in the bird.

Owing to an inordinate reliance on

intravascular hemopoiesis, the relative importance of a prehepatocyte population and
individual stem cell compartments is diminished.
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INTRODUCTION

1

Hepatic Development

The first evidence of organogenesis of the liver appears in 20- to 22-somite
chicken embryos (50-53 hours of incubation) when endodermal diverticula arise from
the floor of the foregut and extend forward into the mesoderm of the septum
transversum (Le Douarin, 1975). Distal portions of the diverticula form the liver,
while proximal portions establish the biliary ducts and the gall bladder (Romanoff,
1960).

The septum transversum provides the hepatic connective tissue, the

hemopoietic stem cells, and the Kupffer cells (fixed macrophages) of the hepatic
sinusoids (Rifkind et al., 1969; Hopper and Hart, 1985).
Structurally, the embryonic livers of birds and mammals appear very different.
Hepatic sinusoids in the mammal, for example, are smaller than those in the bird.
The smaller mammalian sinusoids have been attributed to the presence of
extravascular hemopoietic cells (Le Douarin, 1975). In both birds and mammals, the
discontinuous linings of the hepatic sinusoids include endothelial cells and Kupffer
cells (Hodges, 1972; Kelly et al., 1984). The endothelial cells are sometimes traversed
by fenestrae of varying diameters. The sinusoidal lumina and the perisinusoidal
spaces can thus be linked directly across the fenestrae of endothelial cells as well as
across the gaps in the sinusoidal linings.
The mammalian liver is a network of hepatic plates which are usually one or

2
two cell layers thick (Elias, 1949; Hodges, 1972). The branched hepatic plates of
mammals are arranged radially with respect to central veins, thus forming hepatic
lobules (Cardell, 1977).

The avian liver, according to Hodges (1972), has

anastomosing hepatic plates which are two cells thick. Others have described the
organization of avian hepatic cells into trabeculae or tubules. Lipid droplets are
observed in avian hepatocytes after day 6 of incubation, while glycogen may be
evident after day 7 (Romanoff, 1960). Hepatic lobules are inconspicuous or absent
in the avian liver in both the embryo and the adult (Romanoff, 1960; Hodges, 1972).
Bile canaliculi in the mammalian liver occur between the cells of the hepatic
plates (Kelly et al., 1984), while the canaliculi of birds are adjoined by three-to-five
hepatocytes (Hodges, 1972) and occupy central positions within the hepatic cords.

2

Hepatic Hemopoiesis

The first functional organ system in developing vertebrates is the circulatory
system. Hemopoiesis provides the circulating blood cells for this system. To mediate
oxygen transport as the embryo grows rapidly in size, the process of erythropoiesis
furnishes hemoglobin-containing erythrocytes.

Leukocytes are formed by the

processes of granulopoiesis, lymphopoiesis, and monopoiesis. Thrombopoiesis is the
source of anucleate platelets (mammals) or nucleate thrombocytes.
Erythropoietic cells are well characterized in the mammal, using the
parameters of cytoplasmic staining and nuclear morphology.

A stem cell
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(hemocytoblast) passes through five stages (proerythroblast, basophilic erythroblast,
polychromatophilic erythroblast, orthochromatic erythroblast or normoblast, and
reticulocyte) before a mature erythrocyte enters the circulation (Rifkind et al., 1969;
Kelly et al., 1984).
The earliest description of erythropoietic cells in the bird identified two stem
cells: the megaloblast of a primitive erythrocyte line and the hemocytoblast of a

definitive erythrocyte line (Romanoff, 1960).

According to this scheme, the

megaloblast and the hemocytoblast progress through three stages (proerythroblast,
erythroblast, and proerythrocyte) before becoming mature erythrocytes. Subsequent
studies on the chicken embryo, which treated the primitive and definitive erythrocyte
lines together, expanded the number of stages to be more consistent with those of the
mammal. Intermediate stages between the stem cell and a mature erythrocyte thus
became the proerythroblast, basophilic erythroblast, polychromatophilic erythroblast,
and acidophilic erythroblast or reticulocyte (Ceresa-Castellani and Leone, 1969; Small
and Davies, 1972).
Cytoplasmic staining characteristics and nuclear morphology are also used to
describe granulopoietic cells.

Staining of specific granules in the cytoplasm

differentiates the neutrophilic, eosinophilic, and basophilic leukocytes in mammals.
A stem cell for the mammalian leukocyte line (myeloblast) proceeds through five
stages (promyelocyte, myelocyte, metamyelocyte, band cell, and segmented leukocyte)
before appearing as a mature granular leukocyte (Kelly et al., 1984).
Granulopoietic cells ·of the bird resemble those of the mammal.

The
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promyelocyte I, promyelocyte II, myelocyte, and metamyelocyte were first proposed
as intermediate stages between the myeloblast and a mature granular leukocyte
(Romanoff, 1960). Granular leukocytes of the bird were subclassified as eosinophilic,
pseudoeosinophilic, or basophilic on the basis of the staining characteristics of their
specific granules. A more recent scheme continues to recognize the eosinophilic and
basophilic leukocytes, but it substitutes a heterophilic leukocyte for the
pseudoeosinophilic cell. Intermediate stages of cell differentiation now include the
progranulocyte, myelocyte (mesomyelocyte ), metamyelocyte, and band cell (Campbell,
1988).
Studies on extraembryonic hemopoiesis focus on the yolk sacs of birds and
mammals. As the earliest site of hemopoiesis, the yolk sac is the source of the first
circulating blood cells. It may also be the source of stem cells which colonize the
intraembryonic organs of hemopoiesis (Bruns and Ingram, 1973; Dardick and
Setterfield, 1978; Houssaint, 1981 ). However, other studies indicate that stem cells
which colonize intraembryonic organs have an intraembryonic, rather than
extraembryonic, origin (Rifkind et al., 1969; Martin et al., 1980)
Early hemopoietic events in the yolk sacs of birds and mammals are similar.
At 26 hours of incubation in the chicken and between days 7 and 8 of gestation in the
mouse, aggregations of mesodermal cells, called blood islands, appear in the yolk sac
(Romanoff, 1960; Hopper and Hart, 1985).

Blood island formation in the

extraembryonic splanchnic mesoderm requires an inductive influence from the
adjoining endoderm (Miura and Wilt, 1969). Differentiation of cells is determined
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by their position within the blood islands (Hopper and Hart, 1985). Peripheral cells
become endothelial cells which line the primitive blood vessels, while central cells
disperse to become circulating blood cells (Small and Davies, 1972; Hopper and Hart,
1985).
Erythropoiesis in the yolk sac gives rise to the primitive erythrocyte line. Cells
of the primitive line, in various stages of maturity, are the only erythropoietic cells
evident between days 2 and 5 of incubation in the chicken. Cells of the primitive line
ostensibly differentiate in synchrony, with large numbers of mature erythrocytes
appearing on day 5. The cells of the primitive line in the mouse embryo also exhibit
synchrony in their development (Bruns and Ingram, 1973). The mechanism by which
cell development is synchronized is not known in either group.
Granulopoiesis in the yolk sac of the chicken is not evident until day 3 or 4 of
incubation, when mature eosinophilic leukocytes appear extravascularly (Romanoff,
1960). Eosinophilic leukocytes do not enter the circulation until day 5 of incubation.
Shortly after its onset in the yolk sac, hemopoiesis begins at several
intraembryonic sites. The signal for this shift from the yolk sac to the intraembryonic
organs is unknown (Bruns and Ingram, 1973). In mammals, the liver is a major
intraembryonic organ of hemopoiesis (Ackerman et al., 1961; Le Douarin, 1975). It
is involved in erythropoiesis, producing erythrocytes of the definitive line, and it plays
a minor role in both granulopoiesis and lymphopoiesis. Hepatic hemopoiesis begins
by day 10 of gestation in the mouse (Hopper and Hart, 1985) and peaks at day 17
(Bankston and Pino, 1980). Hemopoietic activity in the mouse liver subsequently
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declines, disappearing completely within two weeks after birth. The spleen and other
lymphatic organs are also important sites of intraembryonic hemopoiesis in the
mammal.
Extensive studies of the mammalian liver have identified the sinusoidal
vasculature, the prehepatocyte population, and the compartments for stem cell
differentiation as elements critical to hemopoiesis. The hemopoietic environment,
encompassing all three elements, can be subdivided into microenvironments for the
erythropoietic, granulopoietic, lymphopoietic, and thrombopoietic cell lines (Medlock
and Haar, 1983).

Hepatocytes within each microenvironment may provide a

cytoreticulum which supports the hemopoietic cells during maturation (Asano et al.,
1987).
Hemopoietic cells in the mammalian liver develop extravascularly and form
intimate associations with the immature hepatocytes (Ackerman et al., 1961; Bankston
and Pino, 1980; Asano et al., 1987). It is this association that led Asano et al. (1987)
to conclude that hepatocytes might regulate the differentiation of hemopoietic cells
through direct contact and/or humoral factors. Immature hepatocytes might also be
involved in regulating the numbers of hemopoietic cells through phagocytosis.
Regulation of mature erythrocytes is eventually assumed by circulating macrophages
and the Kupffer cells in the sinusoidal linings.
Intercellular bridges join the erythroblasts of the definitive line in the
mammalian liver and may be the links by which cells coordinate their development
(Asano et al., 1987). Intercellular bridges also occur during spermatogenesis, allowing
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synchronization of cell development. Intercellular bridges between erythropoietic
cells, however, lack the microtubules which are present in the bridges between
spermatogenic cells, and it must be stressed that many erythrocytes of the definitive
line do not develop synchronously.
Developing extravascularly and in close association with the hepatocytes,
erythropoietic cells must secondarily gain entry to the sinusoids (Ackerman et al.,
1961 ).

Movement into the lumina may involve the transmural migration of

erythropoietic cells across the sinusoidal linings in mammalian embryos (Bankston
and Pino, 1980). Endothelial cells form "migration pores" either de nova or by the
widening of existing fenestrae. These "migration pores" are temporary, closing after
erythropoietic cells have entered the lumina. Pressure from developing hepatocytes
may provide the motive force for cell migration across the endothelial cells.
In the bird, the major sites of intraembryonic hemopoiesis include the spleen,
the thymus, the bursa of Fabricius, and the minor lymphatic organs. It is these sites
which have garnered the most attention in studies of embryonic hemopoiesis. The
embryonic liver may be less important to hemopoiesis in the bird than in the mammal
(Romanoff, 1960; Bruns and Ingram, 1973). Hepatic hemopoiesis in the bird could
be just a transient stage, occurring after the decline in hemopoietic activity in the yolk
sac and before the maturation of the bone marrow (Le Douarin, 1975).
Medda et al. (1977) examined hemopoietic activity in the liver of chicken
embryos throughout the 21-day incubation period and reported the onset of
hemopoiesis between days 7 and 8.

Romanoff (1960) also noted that hepatic
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hemopoiesis begins on day 7 of incubation. Hemopoiesis declines between days 9
and 12, after which an increase is observed, peaking at day 14. A gradual decline
then occurs to day 20, after which hemopoiesis is no longer apparent.
Granulopoiesis can be detected in the embryonic liver of the chicken after day
7 of incubation, although this process is not pronounced (Romanoff, 1960). Intense
granulopoietic activity does not occur in the liver until day 11, peaking at day 14 and
terminating shortly after hatching (Romanoff, 1960; Bruns and Ingram, 1973).
Eosinophilic leukocytes, which reputedly originate from perivascular and peritoneal
cells, are the first cells produced by granulopoiesis.

Basophilic granulocytes,

lymphocytes, and monocytes are present in the embryonic liver after day 18 of
incubation (Romanoff, 1960).
Early electron microscopic studies of hepatic hemopoiesis in the chicken
embryo seemed to support the origin of erythropoietic elements from the endothelial
cells. Karrer (1961) observed the rounding of endothelial cells and their projection
into the sinusoidal lumina. Organelles of the rounded cells were displaced basally,
leaving the apical cytoplasm with a homogeneous ground substance devoid of
organelles. When these "bulging cells" divided, a basal cell supposedly remained in
contact with the parenchyma as an endothelial cell and an apical cell entered the
circulation as an erythroblast.
Metcalf and Moore (1971) concluded, using the observations of Karrer (1961),
that hemopoiesis in the avian liver is essentially intravascular. Since all major blood
vessels of the embryo may form blood cells, hemopoiesis in the liver could be more
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a reflection of vascular development than hepatic organogenesis. However, the cell
preservation achieved by Karrer (1961) was poor, and it is uncertain whether the
observations are a faithful description of erythropoietic cell origins or a
misinterpretation of other processes such as transmural cell migration.
The aim of the present study was to better characterize the hemopoietic
environment in the liver of the chicken embryo, thus allowing a more comprehensive
comparison of hepatic hemopoiesis in birds and mammals. To better describe the
hemopoietic environment, cytological changes in the differentiating hepatocytes were
investigated. Erythropoietic cells of the definitive line and granulopoietic cells were
identified by light- and electron-microscopic techniques and compared to their
mammalian counterparts.
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MATERIALS AND METHODS

1

Incubation of Eggs and Staging of Embryos

Fertilized chicken eggs were obtained from local vendors (Agnew Chicks and
Co-op Hatcheries). Embryonic development was arrested by refrigerating eggs at
2-4°C.

At 12-hour intervals, eggs were transferred to a Marsh Turn-X tabletop

incubator or a Humidaire free-standing incubator at 37°C and 70% relative humidity.
Embryonic age was judged by candling. The embryos were staged according to
Hamburger and Hamilton (1951) with the aid of a Wild MS stereomicroscope and
a Schott KL-150-B fiber-optic illuminator.

2

Specimen Preparation

The primary fixative for all specimens consisted of 1% paraformaldehyde and
2% glutaraldehyde (as used by Bankston and Pino, 1980) in 0.05 M Millonig's
phosphate buffer at pH 7.4 (as specified by Karnovsky, 1965). Primary fixation was
conducted at ambient temperature. Secondary fixation was accomplished with an
iced solution of 2% osmium tetroxide in 1.25% sodium bicarbonate buffer at pH 7.4
(Wood and Luft, 1965).

2.1

Embedding in Epoxy Resin

11

Livers were excised from chicken embryos between Stages 29 and 42, cut into
1-mm3 blocks, and immersed in the primary fixative for 2 hours, followed by
secondary fixation for 45-60 minutes. The tissues were rinsed for 10 seconds with
demineralized water and then dehydrated with graded ethanols (30%, 50%, 70%, and
95% for 10 minutes each; 95%, absolute, and absolute for 5 minutes each) and
treated with three changes of propylene oxide (10 minutes, 10 minutes, and 5
minutes).
LX-112 medium (Ladd Research Industries) was prepared for infiltration and
embedding. Components A and B were mixed according to the recommendations
of the manufacturer and combined in a 7 : 3 ratio. An accelerator, tri( dimethyl
amino methyl) phenol (DMP-30), was added to a final concentration of 1.4%.
Specimens were transferred to vials containing equal parts of working resin and
propylene oxide. The vials were placed on the inclined table of a rotating mixer, and
the specimens were gradually infiltrated for 2 hours. The ratio of working resin to
propylene oxide was then increased to 3 : 1, and infiltration continued for an
additional 3 hours.

Specimens were finally immersed in pure working resin at

ambient temperature, where they remained for 12 hours.
Specimens were transferred to silicone rubber molds containing pure resin and
allowed to settle. Polymerization of the epoxy resin proceeded for 18 hours at 60°C.

2.2

Embedding in Glycol Methacrylate
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Whole livers from chicken embryos between Stages 30 and 42 were immersed
in the primary fixative for 4 hours, after which the specimens were transferred to
fresh fixative for another 4 hours. Dehydration was accomplished in graded ethanols.
Two changes of 10%, 30%, 50%, and 70% ethanols were made over a 48-hour time
period. The final steps of dehydration entailed two changes of 95% ethanol over a
3-day period and four changes of absolute ethanol over a 6-day period.

An infiltration solution was prepared using a Reichert-Jung Historesin™
embedding kit (Cambridge Instruments). The infiltration solution consisted of 50 mL
basic resin and 0.5 g activator. Infiltration occurred over a 1-week period. During
this time, the 1 : 2 ratio of glycol methacrylate : absolute ethanol was increased to
1 : 1. At the end of infiltration, the specimens were immersed in a large volume of
pure glycol methacrylate. Vials containing the specimens were placed on a rotating
mixer. After 48 hours, specimens were transferred to vials containing fresh glycol
methacrylate until the embedding process could begin.

-

The embedding solution for specimens consisted of 15 mL infiltration solution
(see above) and 1 mL hardener.

This solution was supplemented with 0.6 mL

polyethylene glycol 400 (Yeung and Law, 1987). Hardening proceeded for 24 hours
at ambient temperature.

3

Light Microscopy

Specimens embedded in LX-112 medium were sectioned with glass knives on
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a Sorvall MT-1 ultramicrotome at a thickness of 1 µm. Sections were stained with
a combination of 0.5% azure II (C.I. 52010) and 0.5% methylene blue (C.I. 52015)
in 0.5% sodium borate (Richardson et al., 1960), and No. 1½ cover glasses were
mounted with high-viscosity immersion oil and sealed with nail polish. Sections were
viewed with a Nikon Optiphot compound microscope equipped with planachromatic
objective lenses and a Microflex HFX-II photomicrographic attachment.

The

microscope was calibrated with a stage micrometer (100 lines/mm). Sections were
photographed using Kodak Technical Pan 2415 film. The film was over-exposed at
ASA 12 and under-developed with full-strength Kodak D-76 developer.
At Stages 30, 32/33, 34, 35, 36, 37, and 38, livers embedded in glycol
methacrylate were sectioned at a thickness of 3 µm on an LKB Bromma 2218
Historange microtome.

Livers from embryos at Stages 39, 40, 41, and 42 were

sectioned on a Reichert-Jung 1140/Autocut microtome at the same thickness. Four
sets of spaced serial sections were made from each specimen, allowing the results of
several staining regimes to be evaluated on comparable areas of the liver.
One set of sections from each embryonic stage was stained with Harris'
hematoxylin (Cat. No. H00638-73: BDH Chemicals) and counter-stained with eosin
Y (25.0 mL 1% eosin Y (C.I. 45380), 2.5 mL 1% phloxine B (C.I. 45410), 195.0 mL
95 % ethanol, and 1.0 mL glacial acetic acid), as recommended by the DuPont
Company (1981).
A second set of sections was prepared with the periodic acid-Schiff (PAS)
reaction.

Again adhering to recommendations of the DuPont Company (1981),
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sections were treated for 10 minutes with 1% periodic acid, immersed for 20 minutes
in Schiffs reagent (prepared according to Cavey and Cloney, 1972), and
counter-stained with Harris' hematoxylin.
A third set of sections was stained with a basic dye combination of 0.5% azure
II and 0.5% methylene blue in 0.25% sodium borate, as developed for use on glycol
methacrylate sections by M.J. Cavey, G.K. Wong, and E.C. Yeung (unpublished
protocol).
To study hemopoietic cells, Giemsa stain was applied to a fourth set of
sections (DuPont Company, 1981). A solution of 1 part Giemsa stain (Cat. No.
SG28-475: Fisher Scientific Company) and 13 ·parts demineralized water was
adjusted to pH 4.8 with 1% acetic acid. Sections were stained for 24 hours.
After staining, No. 1½ cover glasses were mounted with Permount (Fisher
Scientific Company), and sections were viewed and photographed with the compound
microscope. Color photomicrographs were taken with Kodak Koda color Gold 100
film at ASA 25 with 80A and neutral-density filters in the light path. Black-and-white
photomicrographs were made with Technical Pan 2415 film at ASA 80 with a green
filter in the light path and processed with full-strength D-76 developer.

4

Transmission Electron Microscopy

Specimens embedded in LX-112 medium were cut into 70-nm sections with
a diamond knife on a Sorvall MT-6000 ultramicrotome and collected on naked
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200-mesh copper grids. The sections were stained, for 3 minutes each, with saturated
uranyl acetate and lead citrate (Reynolds, 1963) and observed with a JEOL
JEM-lO0S transmission electron microscope at 60 kV.

The microscope was

calibrated with a carbon replica of a diffraction grating (2,158 lines/mm). Electron
micrographs were made with Kodak Electron Microscope 4489 film and processed
with third-strength Kodak D-19 developer.

5

Scanning Electron Microscopy

Specimens for scanning electron microscopy were prepared concurrently with
those for transmission electron microscopy. Whole livers were cut into slices and
immersed in the primary fixative for 3 hours. Dehydration was accomplished under
refrigeration with graded ethanols (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, 95%, 95%, absolute, and absolute for 24 hours each).
Drying of the specimens was accomplished with the fluorocarbon compound
Peldri II® (Pelco International).

Specimens were immersed in a 1 : 1 solution of

fluorocarbon and absolute ethanol overnight, and they were then transferred to pure
fluorocarbon in its liquid phase for 2-6 hours.

Refrigeration converted the

fluorocarbon to its solid phase. The container with the specimens was left open in
a fume hood overnight, allowing the solid fluorocarbon to sublime.
Dried specimens were mounted on aluminum studs with double-sided
cellophane tape and coated with gold-palladium in a Polaron PS3 sputter coater for
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90 seconds at 18 mA. The thickness of the metallic film was approximately 28 nm.
Silver paint (Ladd Research Industries) was used to bond the conductive film to the
stud. Coated specimens were observed with a JEOL JSM-35CF scanning electron
microscope at 10 kV. The microscope was calibrated with screens and gratings of
known spacings (16, 59, and 600 lines/mm). Photographs were taken with Ilford FP4
film and processed with half-strength D-76 developer.

6

Morphometry

Morphometric data on individual hepatocytes were generated from
transmission electron micrographs using SigmaScan™ software (Jandel Scientific) on
a Zenith Z-157 personal computer linked to a Hitachi HDG-1111 C graphics tablet
(emulating a SummaSketch MM1201 tablet).

For each stage of embryonic

development, ten hepatocytes were analyzed. From vertical sections of the cells,
perimeters and areas were measured. Cell volumes were calculated in Quattro® Pro
software (Borland International) using the formula for the volume of a sphere and
substituting the mean cell perimeter for circumference.
Four cell variants were scored on the-presence or absence of glycogen and
lipid in the cytoplasm. Accordingly, hepatocytes contained glycogen only, lipid only,
both glycogen and lipid, or neither glycogen nor lipid. One hundred hepatocytes
were

sampled

from

each

stage

of

development,

using

black-and-white

photomicrographs of sections stained with hematoxylin and eosin and by the PAS
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reaction and hematoxylin.
Graphical representations of the morphometric results were produced with the
Quattro® Pro software.
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RESULTS

1

Hepatic Development

Chicken embryos at Stages 30, 32/33, 34, 35, 36, 37, 38, 39, and 40 were
studied in detail. These stages represent 24-hour intervals in embryonic development
(Table 1), beginning at the onset hepatic hemopoiesis and extending to its peak
(Medda et al., 1977). Two phases of hemopoiesis have been identified by these
workers, the first one beginning on day 7 or 8 of incubation and the second one
beginning on day 12. A peak in hepatic hemopoiesis occurs on day 14.
Embryos at Stages 29, 41, and 42 were prepared for microscopic examination
to validate the hemopoietic landmarks as set by Medda et al. (1977). Hepatocyte
ultrastructure in Stage 29 ( one day before the onset of hemopoiesis) was virtually the
same as that in Stage 30. The embryonic hepatocytes from Stages 41 and 42 (one
and two days after the hemopoietic peak) could not be distinguished from cells at
Stage 40 on the basis of ultrastructural features.
Large semithin sections of glycol methacrylate-embedded tissues greatly
facilitated the light microscopic survey of hepatic and hemopoietic cells. Sections
stained with hematoxylin and eosin revealed the general histology of the liver as well
as the lipid accumulations within the hepatocytes. The localization of glycogen was
accomplished by exposing sections to the periodic acid-Schiff reaction, a non-specific
procedure for aldehyde end.,groups in complex polysaccharides (Humason, 1979).
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Table 1.

Stages of embryonic development with corresponding embryonic ages ( after

Hamburger and Hamilton, 1951).

Stage

Incubation Age (days)

29

6.0

30

6.5

31

7.0

32

7.5

33

7.5 to 8.0

34

8.0

35

8.0 to 9.0

36

10.0

37

11.0

38

12.0

39

13.0

40

14.0

41

15.0

42

16.0
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1.1

Hepatocytes

The liver of the chicken embryo consists of parenchymal cords interspersed
with sinusoids (Figure lA). The hepatic cords have a cylindrical configuration. The
narrow apical surfaces of the pyramidal hepatocytes adjoin a bile canaliculus which
runs through the center of the cord. The broad basal surfaces of the hepatocytes
face the sinusoidal linings (Figure lB). In the nascent hepatic cords (Stage 18), 6-13
hepatocytes ring each bile canaliculus (Fukuda, 1976).

During the hemopoietic

period covered by this thesis, only 6-8 hepatocytes encircle a canaliculus.

This

number normalizes at approximately six cells in Stage 41, shortly after the peak of
hemopoiesis (Kingsbury et al., 1956).
Ultrastructurally, a typical hepatocyte has a basal nucleus with one or two
large nucleoli (Figure lC). Granular cisternae of the endoplasmic reticulum are
prevalent. They flank the plasmalemm~ and partially encircle the mitochondria.
Little agranular endoplasmic reticulum is evident. Mitochondria tend to situate in the
apical cytoplasm, while ribosomes and polysomes are found throughout the cell.
Common cytoplasmic inclusions include lipid droplets and glycogen granules.
The apices of some hepatocytes do not reach a bile canaliculus. These cells
always border the hepatic sinusoids.

Their mitochondria, flanked by granular

cisternae of the endoplasmic reticulum, tend to situate in the basal cytoplasm (Figure
2A). Hepatocytes with these characteristics are relatively rare.
Two principal cells can be identified in the developing livers of birds and
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Figure 1. Organization of hepatic cords and hepatic sinusoids in the chicken embryo.
A. Dendriform hepatic cords (he) of a Stage 35 embryo. Erythrocytes (ery) appear
in the sinusoids (hs) which separate the cords. xl,350, Scale bar

= 25

µ,m.

B.

Pyramidal hepatocytes ring the bile canaliculus (be) within a cord of a Stage 35
embryo. hs, hepatic sinusoid. xl,500, Scale bar

= 10

µ,m. C. Hepatocytes of a

Stage 37 embryo. Granular cistemae of the endoplasmic reticulum (er) appose the
plasmalemmata (pl) and the mitochondria (mt) of the hepatocytes (ld, lipid droplet;

nl, nucleolus; nu, nucleus). The apical surfaces of the hepatocytes adjoin a bile
canaliculus, visible in the lower right comer of the field. x9,500, Scale bar

= 5 µ,m.
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Figure 2. Cell types in the hepatic cords. A. Many hepatocytes associate closely
with the sinusoidal linings (en, endothelial cell). Mitochondria (mt) tend to localize
in the basal cytoplasm of these cells. er, endoplasmic reticulum; Id, lipid droplet; nu,
nucleus; ps, perisinusoidal space. x18,900, Scale bar
the liver include "dark" cells and "light" cells.

= l.µm.

B. Principal cells of

Flattened cisternae of granular

endoplasmic reticulum (er) are present in the "dark" cells while vesicular cisternae of
agranular endoplasmic reticulum are evident in the "light" cells. gg, glycogen granules;

mt, mitochondrion. x7,100, Scale bar = 5 µm.
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mammals (Gagnote and Moses, 1968; Sandstrom and Westman, 1971). "Dark" cells
have the ultrastructural characteristics listed above for typical hepatocytes (Figure
2B).

"Light" cells share many of these characteristics, but they present a paler

cytoplasmic matrix containing little or no granular endoplasmic reticulum. Vesicular
cisternae of agranular endoplasmic reticulum are prevalent in the "light" cells, but
they establish no intimate relationships with the plasmalemmata or the mitochondria.
Extremely small vesicles are interspersed with the glycogen granules of the
hepatocytes.

These vesicles may be derivatives of the agranular endoplasmic

reticulum (Stephens and Bils, 1967) or, possibly, the Golgi apparatus (Karrer, 1960a ).
"Dark" and "light" cells are encountered throughout hepatic development, but the
former always outnumber the latter.
Organogenesis of the liver was examined closely in embryos from Stage 30 to
Stage 40. Throughout this period, the hepatocytes undergo subtle changes in shape,
but their nuclei, enclosing one or two large nucleoli, retain a spherical shape.
Frequencies of hepatocytes, based upon the presence or absence of glycogen and
lipid, are summarized in Figure 3, and histological and ultrastructural changes are
recorded in the micrographs of Figures 4 to 21. Frequencies of glycogen-containing
cells fluctuate during early hemopoiesis (Stages 30, 32/33, 34, and 35).

As

hemopoietic activity climbs to a peak (Stages 36, 37, 38, 39, and 40), the proportion
increases until all cells carry glycogen. Substantial accumulation of lipid does not
characterize the cells until Stages 39 and 40.
Hepatocytes at Stage 30 are tall cuboidal or low columnar cells (Figures 4A,B
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Figure 3. Distribution of cell variants during hepatic development. Hepatocytes were
scored for the presence or absence of glycogen and lipid.
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Figure 4. Cytology of hepatocytes in a Stage 30 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µ.m.

= 50

30

Figure 5. Ultrastructure of hepatocytes in a Stage 30 chicken embryo. Perisinusoidal
cells (pc) situate between the hepatic cord and the sinusoidal lining (en, endothelial
cell). Mitochondria (mt) and a few granular cisternae of the endoplasmic reticulum
(er) appear in the hepatocytes (nl, nucleolus). xl0,000, Scale bar

= 5 µm.
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and 5). The large, electron-lucent mitochondria in these cells have few cristae, and
they localize in the basal cytoplasm.

The vesicular cisternae of the granular

endoplasmic reticulum are poorly developed and show a low concentration of bound
ribosomes. Free ribosomes and polysomes are scattered throughout the cytoplasm
but are not especially numerous. Glycogen accumulations are found in relatively few
hepatocytes at this time. Dense material in the Golgi cisternae and vesicles is a
morphological indication of activity. The earliest identification of glycogen coincides
with the appearance of a juxtanuclear Golgi apparatus in hepatocytes at Stage 29
(Karrer, 1960a, 1961 ).
At Stage 32/33, the hepatocytes are still tall cuboidal or low columnar in
shape, and cytoplasmic lipid droplets are observed for the first time (Figures 6A,B
and 7). In transmission electron micrographs, small pockets of glycogen often adjoin
the Golgi apparatus. The glycogen granules are interspersed with small vesicles.
Although fewer cells contain glycogen in Stage 34 (Figures 8A,B and 9), the
cytoplasmic accumulations are enlarging, and lipid droplets are also increasing
gradually in size. Many of the nascent droplets have electron-opaque mantles and
electron-lucent cores. Such images could reflect compositional differences between
the central and peripheral areas. Sandstrom and Westman (1971), however, attribute
the images of the lipid droplets to differential extraction and staining.
As hepatocytes differentiate, the electron opacity of their mitochondria

intensifies and the cristae become more numerous.

The content of granular

endoplasmic reticulum expands concurrently, establishing a network of flattened
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Figure 6. Cytology of hepatocytes in a Stage 32/33 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µm.

= 50

35

Figure 7. Ultrastructure of hepatocytes in a Stage 32/33 chicken embryo. Isolated
pockets of glycogen granules (gg) are found in the differentiating hepatocytes (er,
endoplasmic reticulum; mt, mitochondrion; nl, nucleolus).

Activity of the Golgi

apparatus (go) is indicated by the presence of electron-dense material in its cisternae
and vesicles. en, endothelial cell. x 10,000, Scale bar

= 5 µm.
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Figure 8. Cytology of hepatocytes in a Stage 34 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µm.

=

50

,

,
I

39

Figure 9. Ultrastructure of hepatocytes in a Stage 34 chicken embryo. Granular
cisternae of the endoplasmic reticulum (er) adjoin the plasmalemmata and flank the
mitochondria (mt). Lipid droplets (ld) and pockets of glycogen granules (gg) are also
evident in the hepatocytes (go, Golgi apparatus; nl, nucleolus). be, bile canaliculus.
xl0,000, Scale bar

= 5 µm.
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cistemae with high concentrations of bound ribosomes. These cistemae promptly
affiliate with the mitochondria and the undersurfaces of the plasmalemmata.
By Stage 35, the sinusoidal lumina have shrunk in size, being reduced to the
width of two or three erythrocytes (Figures lOA,B and 11). Most hepatocytes have
by now assumed pyramidal shapes, creating a network of dendriform cords (Figure
lA). Canalicular development in the cords accompanies the change in hepatocyte
shape (Fukuda, 1976). Hepatocytes adjoining a bile canaliculus form intercellular
junctions. These a pico lateral junctions, originally called "attachment zones" (Stephens
and Bils, 1967), were subsequently recognized as tight junctions (Sandstrom and
Westman, 1971).

A few short microvilli, originating from the apices of the

hepatocytes, now project into the canaliculi.
The first hepatocytes to contain both lipid droplets and glycogen granules are
encountered at Stage 36 (Figures 12A,B and 13). Microvilli are no longer confined
to the apical surfaces of the hepatocytes. They also extend into the extracellular
spaces between the hepatocytes and into the perisinusoidal spaces that separate the
hepatic cords from the sinusoidal linings.
Except for slight differences in the cytoplasmic content of glycogen and lipid,
the hepatocytes at Stage 37 (Figures 14A,B and 15) and Stage 38 (Figures 16A,B and
17) are remarkably similar in histology and ultrastructure. As the apices of the
hepatocytes retract and the intercellular spaces unite, the bile canaliculus enlarges
and extends along the hepatic cord. Material inside the bile canaliculi is observed for
the first time at Stage 37.
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Figure 10. Cytology of hepatocytes in a Stage 35 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µ.m.

= 50
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Figure 11. Ultrastructure of hepatocytes in a Stage 35 chicken embryo. Intercellular
junctions (arrowheads) between the apicolateral surfaces of the hepatocytes (er,
endoplasmic reticulum; go, Golgi apparatus; Id, lipid droplet; mt, mitochondrion)
presumably seal the bile canaliculus (be). xl0,000, Scale bar

= 5 µm.
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Figure 12. Cytology of hepatocytes in a Stage 36 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µm.

= 50
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Figure 13.

Ultrastructure of hepatocytes in a Stage 36 chicken embryo.

The

hepatocytes (er, endoplasmic reticulum; Id, lipid droplet; mt, mitochondrion; nl,
nucleolus) extend microvilli (mv) into the bile canaliculus (be) and other intercellular
spaces. xl0,000, Scale bar

= 5 µm.
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Figure 14. Cytology of hepatocytes in a Stage 37 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µm.

= 50

52

Figure 15.

Ultrastructure of hepatocytes in a Stage 37 chicken embryo.

As in

previous stages, granular cisternae of the endoplasmic reticulum (er) lie beneath the
plasmalemmata and conform to the contours of the mitochondria (mt).
canaliculus. x 10,000, Scale bar

= 5 µm.

be, bile
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Figure 16. Cytology of hepatocytes in a Stage 38 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µm.

=

50
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Figure 17.

Ultrastructure of hepatocytes in a Stage 38 chicken embryo.

The

microvilli projecting into the bile canaliculus (be) are more numerous than in previous
developmental stages.

It is unclear if the two canalicular spaces are developing

independently or if they are joined at another level.

en, endothelial cell; er,

endoplasmic reticulum; Id, lipid droplet; mt, mitochondrion; nl, nucleolus; ps,
perisinusoidal space. xl0,000, Scale bar

= 5 µm.
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Most hepatocytes begin to accumulate lipids at Stage 39 (Figures 18A,B and
19). Bipartite lipid droplets are observed in some cells, but droplets with a uniform
consistency appear in others. By Stage 40, all hepatocytes possess lipid droplets and
glycogen granules (Figures 20A,B and 21 ).

The profusion of lipid droplets led

Romanoff (1960) to describe the intervening cytoplasm as trabecular. Increasing
numbers of microvilli project into the expanding bile canaliculi. Shortening of the
microvilli during canalicular enlargement (Sandstrom and Westman, 1971) has never
been observed.
Changes in cell size also take place between the onset and peak of hepatic
hemopoiesis (Figure 22). The areas of longitudinally sectioned hepatocytes decrease
from Stage 30 to Stage 35. From Stage 36 onward, the sectional areas increase,
reaching a plateau at Stage 38. Calculated volumes confirm a decrease in cell size
from the onset of hemopoiesis to Stage 35, after which size increases and reaches a
maximum at Stage 39. A slight decrease in cell volume may occur between Stage 39
and Stage 40.

1.2

Endothelial Cells

Endothelial cells of the hepatic sinusoids are either squamous (Figure 23A)
or rounded (Figure 23B) in configuration, and both forms are capable of mitotic
division (Figures 23C and 23D). Most endothelial cells in the sinusoidal linings are
squamous (Figures 23A and 24A). A close association exists between the endothelial
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Figure 18. Cytology of hepatocytes in a Stage 39 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µm.

= 50
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Figure 19.

Ultrastructure of hepatocytes in a Stage 39 chicken embryo.

Lipid

droplets (ld) of varying electron densities and expanding stores of glycogen granules
(gg) characterize the hepatocytes (er, endoplasmic reticulum; mt, mitochondrion). be,
bile canaliculus. x 10,000, Scale bar

= 5 µm.
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Figure 20. Cytology of hepatocytes in a Stage 40 chicken embryo. A. Hematoxylin
and eosin. B. Periodic acid-Schiff reaction and hematoxylin. x560, Scale bar
µm.

= 50
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Figure 21. Ultrastructure of hepatocytes in a Stage 40 chicken embryo. Hepatocytes
(er, endoplasmic reticulum; Id, lipid droplet; mt, mitochondrion) retain a close
association with the sinusoidal linings (en, endothelial cell) and with the cells in the
perisinusoidal spaces (ps). be, bile canaliculus. xl0,000, Scale bar

= 5 µ,m.
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Figure 22.

Changes in cell size during hepatic development.

The areas of

longitudinally sectioned hepatocytes (bars) were measured, and the volumes (line)
were calculated from measurements of cell perimeter.
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Figure 23. Endothelial cells of the sinusoidal linings. A. Squamous endothelial cells

(en) are the predominant cells in the linings. B. Endothelial cells (en) often bulge
into the sinusoidal lumina. C. Both daughter cells of an endothelial cell (en) division
may remain in the sinusoidal lining. be, bile canaliculus. D. An endothelial cell (en)
division may release one daughter cell to the general circulation and retain the other
in the sinusoidal lining. he, hepatic cord. xl,125, Scale bar

= 20 µ,m.
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Figure 24. Endothelial cells. A. A flattened endothelial cell (en) in close association
with hepatocytes.

Part of a perisinusoidal cell (pc) and the microvilli (mv) of

hepatocytes occupy the perisinusoidal space (ps). x16,500, Scale bar = 1 µm. B. A
rounded endothelial cell (en) projecting into the sinusoidal lumen. Microvilli (mv)
of the hepatocytes and the processes of perisinusoidal cells (pc) appear in the
perisinusoidal space (ps ). x9,250, Scale bar

=

5 µm. C. This scanning electron

micrograph illustrates endothelial cells (en) projecting into the sinusoidal lumen.
Bulbous regions probably contain the nuclei of the cells. xS,350, Scale bar

= 5 µm.
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cells and the underlying perisinusoidal cells and hepatocytes. A discontinuous basal
lamina may appear beneath the sinusoidal lining. The endothelial cell nucleus is
flattened and anucleolate.

Diminutive mitochondria and short cisternae of the

granular endoplasmic reticulum are encountered near the nucleus. Many ribosomes
and polysomes are distributed throughout the cell, and vacuoles become increasingly
evident in later stages of hepatic development, commencing around Stage 34.
Rounded endothelial cells bulge into the sinusoidal lumina (Figures 23B and
24B,C). These cells have an ovoid nucleus which may show a single nucleolus (Figure
24B). Organelles in a rounded endothelial cell are similar to those in a squamous
cell. lnvaginations of the plasmalemma are prevalent, consistent with the known
ability of these cells to phagocytose small particles (Le Douarin, 1975; Fukuda, 1976;
Bankston and Pino, 1980). The rounded endothelial cells also maintain a close
association with the perisinusoidal cells and the hepatocytes.

Squamous cells

progressively supplant the bulging cells during hepatic development.
Division of endothelial cells may yield one of two results.

If the mitotic

apparatus is centrally positioned, an endothelial cell seems to divide equally, and both
daughter cells likely remain in the sinusoidal lining (Figures 23C and 25A). If the
mitotic apparatus is displaced toward the edge of a cell, one daughter cell may be
released into the circulation (as an erythrocyte precursor) while the other stays in the
sinusoidal lining (Figures 23D and 25B). The rounding of endothelial cells and their
subsequent projection into the lumen, observed as early as Stages 18 and 19, have
been viewed as preparatory changes for cell division (Fukuda, 1976).

Electron
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Figure 25. Cell division in the sinusoidal lining. A. Chromosomes (ch) indicate a
division perpendicular to the plane of the sinusoidal lining (en, endothelial cell). If
the mitotic apparatus is centrally located, both daughter cells will likely remain in the
sinusoidal lining. ps, perisinusoidal space. x6,950, Scale bar

= 5 µm.

B. Should the

mitotic apparatus arise eccentrically, endothelial cell (en) division could release one
daughter cell to the general circulation and retain the other in the sinusoidal lining.

ch, chromosome; ps, perisinusoidal space; tu, spindle microtubule. x 10,400, Scale bar

= 5 µm.
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micrographs of flattened cells in the process of division (Figure 25A) clearly indicate
that such changes are not mandatory.
The sinusoidal linings are continuous in the early stages of hepatic
development, with no obvious channels between the sinusoidal lumina and the
perisinusoidal spaces. By approximately Stage 32/33, areas of the sinusoidal linings
become quite thin and discontinuities can be observed in ultrastructural sections.
Discontinuities in the linings are undoubtedly gaps between the endothelial cells, since
fenestrae across the cells have never been detected.

1.3

Perisinusoidal Cells

The perisinusoidal spaces between the hepatic cords and the sinusoidal linings
in the avian liver contain fat-storing (Ito) cells, fibroblast-like cells ("empty" fat-storing
cells), and macrophages (Tatsumi and Fujita, 1983).

Mesenchymal cells in the

perisinusoidal spaces, observed at Stage 20 of development, may be the precursors
of both the perisinusoidal cells and the endothelial cells (Fukuda, 1976). Using a
silver-impregnation technique, Kingsbury et al. (1956) uncovered a meshwork of
reticular fibers (collagen fibrils) in the perisinusoidal spaces.
Distended and retracted perisinusoidal cells appear in the liver at Stage 30.
The distended cells, which direct tenuous processes over the sinusoids, have a large,
irregularly shaped nucleus, which may or may not contain nucleoli (Figure 26A,C).
At Stage 30 of development, a few rod-shaped mitochondria surround the nucleus.
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Figure 26. Perisinusoidal cells. A.

Perisinusoidal cells (pc) of the liver situate

between the sinusoidal linings (en, endothelial cells) and the hepatic cords. Note the
discontinuity in the sinusoidal lining (a"owhead), establishing direct continuity
between the sinusoidal lumen and the perisinusoidal space (ps ). x 13,200, Scale bar

=

1 µ,m. B. Some perisinusoidal cells (pc) do not stretch beneath the sinusoidal

lining (en, endothelial cell). A lipid droplet (a"owhead) appears in the cytoplasm of
this retracted cell.

ps, perisinusoidal space.

xl3,200, Scale bar

= 1 µ,m.

C.

Perisinusoidal cell (pc) with cytoplasmic extensions beneath the sinusoidal lining (en,
endothelial cell). Lipid droplets (a"owhead) are also evident in the cytoplasm of this
distended cell. x 11,600, Scale bar

= 1 µ,m.

,'.'j';

,

.

.

·.
.

:

,

~:
;.

,

'"~ 'fl

.

'

79
Filamentous mitochondria are apparent as early as Stage 31. A Golgi apparatus
close to the nucleus and agranular endoplasmic reticulum are virtually non-existent.
An extensive network of granular endoplasmic reticulum and free ribosomes is

present. The retracted cells are smaller in size and do not emit cytoplasmic processes
(Figure 26B). These rounded cells carry a few mitochondria and a sparse network
of granular endoplasmic reticulum. The cytoplasm is packed with free ribosomes.
Lipid droplets are sometimes evident in the distended and retracted
perisinusoidal cells (Figure 26B,C). These droplets, appearing in the cells as early
as Stage 29, represent cytoplasmic stores of vitamin A (Tatsumi and Fujita, 1983).
Between Stages 30 and 40 of development, while the proportion of lipid-containing
cells is increasing, the total number of perisinusoidal cells is on the decline. The
number and size of lipid droplets increase, but the network of granular endoplasmic
reticulum becomes less extensive.

Retracted forms of the perisinusoidal cells

gradually supplant the distended cells.

1.4

Macrophages

Macrophages control the erythrocyte population in the embryo by the process
of phagocytosis (Figure 27A). They are allied mainly with the sinusoidal linings
(Figure 27B), where they probably represent immature Kupffer cells.

Free

macrophages can also be found in the blood stream (Figure 27C). Free macrophages
do occasionally leave the circulation, taking up residence in the perisinusoidal spaces
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Figure 27. Free macrophages and Kupffer cells. A. Macrophage (mp) engulfing an
erythrocyte by phagocytosis. he, hepatic cord. B. Macrophages (mp) allied with the
sinusoidal lining are probably immature Kupffer cells. C. Free macrophages (mp)
can occur in the general circulation. be, bile canaliculus. xl,125, Scale bar = 20 µm.
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or in the extracellular spaces between the hepatocytes in the cords.
Ultrastructurally, phagocytotic vacuoles and residual bodies occupy the bulk
of the cytoplasm of a macrophage (Figure 28). The nucleus is displaced to the
peripheral cytoplasm, along with most other organelles. A close association with the
sinusoidal lining is often evident, and in some cases, the plasmalemmata of the
macrophage and endothelial cell even contact each other. As the sinusoidal linings
become increasingly discontinuous, these immature Kupffer cells either fill the
nascent gaps or displace the existing endothelial cells.
Fukuda (1976) noted the appearance of hepatic macrophages at Stage 34. In
this thesis project, however, macrophages were observed as early as Stage 29, a time
when primitive erythrocytes are being replaced by definitive cells. Macrophages
participate in the destruction of the primitive erythrocytes and, as this population
wanes, begin to phagocytose aging cells of the definitive line. The phagocytosis of
definitive erythrocytes commences around Stage 36.

2

Hepatic Hemopoiesis

Beginning at Stage 30, erythrocytes and granulocytes at various stages of
maturation can be found intravascularly and extravascularly in the liver. On occasion,
lymphocytes and monocytes are also found extravascularly, but for the .most part,
these cells remain in the general circulation. Thrombocytes occur exclusively in the
circulation. Lymphopoiesis, monopoiesis, and thrombopoiesis were never observed
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Figure 28. Macrophage with a recently phagocytosed blood cell. The nucleus (nu)
of the macrophage is displaced by the engulfed erythrocyte (ery ). A forming residual
body (rb) also assumes an eccentric position.

Note the contact between the

macrophage and the endothelial cell (en) in the sinusoidal lining. x 15,400, Scale bar

= 1 µ.m.
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m the embryonic stages studied, although Romanoff (1960) maintains that
lymphopoiesis does occur in the liver.

2.1

Erythropoiesis

Erythropoietic cells of the avian embryo, identified in sections by light
microscopy, share many cytoplasmic and nuclear characteristics with
erythropoietic cells of the mammal (Figure 29).

the

The notable difference in

erythropoiesis between the two groups is the absence of an anucleate cell in the bird.
Avian erythrocytes maintain, rather than extrude, pycnotic nuclei. Erythropoietic
cells, including brief descriptions of their nuclear and cytoplasmic features, are
summarized in Table 2.
Improper blood-smearing techniques can create thick preparations and induce
cell shrinkage and/or rupture (Campbell, 1988). This thesis illustrates how such
problems can be overcome by embedding tissue in glycol methacrylate. Sectioned
material is superior to smears for detailed observations of nuclear and cytoplasmic
features, for accurate localization of hemopoietic cells to intravascular and
extravascular sites, and for hemopoietic ass.essments that are not biased toward
intravascular cells. Staining techniques developed for blood smears can be adapted
to cells embedded in glycol methacrylate.
The proerythroblast nucleus shows dispersed chromatin and possesses one or
two substantial nucleoli (Figure 29A). The cytoplasm of the proerythroblast contains
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Figure 29. Erythropoietic cells.

A.

Proerythroblast (arrowhead) in the general

The nucleus of this cell contains two prominent nucleoli.

B.

Proerythroblast (arrowhead) in the connective tissue (ct) of a blood vessel.

he,

circulation.

hepatic cord. C. Dividing proerythroblast (arrowhead) in the general circulation. D.
Basophilic erythroblast (arrowhead) with a pale nucleus and prominent nucleolus. E.
Polychromatophilic erythroblast (arrowhead) with a typical "checkerboard" nucleus
and a moderately acidophilic cytoplasm.

en, endothelial cell.

F.

Acidophilic

erythroblasts (arrowheads) have the same shape as mature erythrocytes (e,y) in the
circulation. xl,125, Scale bar

= 20 µm.
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Table 2. Erythropoietic cells of the bird (after Ceresa-Castellani and Leone, 1969,
and Campbell, 1988).

Cell

Nuclear Morphology

Cytoplasmic Morphology

Proerythroblast

Spherical nucleus with
dispersed chromatin

Spherical cell with
moderately basophilic
cytoplasm

One or two nucleoli
Basophilic Erythroblast

Spherical nucleus with
clumps of condensed ·
chromatin beneath the
nuclear envelope

Spherical cell with
intensely basophilic
cytoplasm

One or two nucleoli
Polychromatophilic
Erythroblast

Spherical nucleus with
condensed chromatin in
a "checkerboard" pattern
No nucleoli

Spherical cell with mixed
acidophilia and
basophilia forming a
grayish cytoplasm

Acidophilic Erythroblast

Spherical or ovoid
nucleus with condensed
chromatin

Biconvex cell with
increased acidophilia and
reduced basophilia in the
cytoplasm

Mature Erythrocyte

Spherical or ovoid
nucleus with condensed
chromatin

Biconvex cell with
acidophilic cytoplasm
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a Golgi apparatus, mitochondria, and numerous ribosomes (Figure 30A). Ribosomes
account for the cytoplasmic basophilia. A concentration of 300-400 ribosomes/µm 2
has been measured in ultrastructural sections (Small and Davies, 1972). Neither
granular nor agranular endoplasmic reticulum is prevalent, and small vesicles in the
cytoplasm conceivably arise from pinocytotic activity. The random microtubules,
observed throughout the cytoplasm of the proerythroblast by Small and Davies
(1972), were never encountered in the present study.
Proerythroblasts in the liver exist both intravascularly and extravascularly.
Extravascularly, cells occur in the connective tissue sheaths of blood vessels (Figure
29B), or they mingle with the connective tissue fibers in the perisinusoidal spaces
(Figure 30B). Extravascular blood islands, as described in the mammalian liver by
Ackerman et al. (1961), were never observed in the avian liver. Both intravascular
and extravascular proerythroblasts are capable of division (Figure 29C).
The nucleus of the basophilic erythroblast retains one or two nucleoli in early
phases of cell differentiation (Figure 29D). Condensation of the chromatin begins
at this time, starting in the nucleoplasm beneath the nuclear envelope and proceeding
toward the center of the nucleus (Figure 3 lA,B). The concentration of cytoplasmic
ribosomes remains high ( 400-550 ribosomes/µm2: Small and Davies, 1972). A Golgi
apparatus is no longer found in the cytoplasm, and mitochondria are few in number.
Microtubules accumulate in the peripheral cytoplasm, immediately beneath the
plasmalemma, as the basophilic erythroblast prepares for a change in shape. Coated
pits and vesicles, resulting from pinocytotic activity, are also found in the basophilic
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Figure 30. Proerythroblasts. A. The nucleus (nu) of a proerythroblast (go, Golgi
apparatus; mt, mitochondrion) in the general circulation displays a massive nucleolus
(nl). The cytoplasm is packed with ribosomes. ery, erythrocyte. xll,900, Scale bar

= 1 µm. B. A proerythroblast (mt, mitochondrion; nl, nucleolus; nu, nucleus) in the
perisinusoidal space (ps ). A perisinusoidal cell situates between the proerythroblast
and an endothelial cell (en) in the sinusoidal lining. x9,000, Scale bar

= 5 µm.
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Figure 31. Basophilic erythroblasts. A. Chromatin condensation is under way in the
nucleus (nu) of a basophilic erythroblast from the general circulation. Like the
proerythroblast, the cytoplasm of the basophilic erythroblast is densely packed with
ribosomes. Mitochondria (mt), however, are fewer in number. Microtubules (tu) are
evident in the cortical cytoplasm. x19,300, Scale bar

=

1 µm. B. A basophilic

erythroblast (mt, mitochondrion; nu, nucleus) in the general circulation shows signs
of pinocytosis (arrowheads). A Golgi apparatus (go) still exists in this particular cell.
x 16,100, Scale bar

=

1 µm.
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erythroblast. Contrary to the observations of Small and Davies (1972), pinocytotic
activity was judged to be higher in the basophilic erythroblasts than in the
proerythroblasts.
Hemoglobin formation in a polychromatophilic erythroblast makes the
cytoplasm more acidophilic (Figure 29E). Free ferritin granules are observed in the
cytoplasm shortly before the onset of hemoglobin production (Figure 32A). Some
small aggregations of granules can be found but, unlike the findings of
Ceresa-Castellani and Leone (1969), they are not enveloped by membranes to form
siderosomes. Ferritin granules accumulate into larger and larger aggregations as the
cell matures. As the chromatin condenses further, the nucleolus disappears and the
nucleoplasm assumes a "checkerboard" appearance (Figures 29E and 32B).
Organelles are found in various stages of degeneration.

In late phases of

differentiation, the polychromatophilic erythroblast assumes a quasi-biconvex shape,
similar to that of a mature erythrocyte (Figure 33).

Microtubules beneath the

plasmalemma may mediate the change in cell shape (Small and Davies, 1972).
Acidophilic erythroblasts have a biconvex shape like the mature erythrocytes
(Figure 29F). Cytoplasmic ferritin declines as more and more granules are mobilized
for hemoglobin production (Figure 34A,B). In the mature cells, the cytoplasmic
matrix can be very electron-opaque owing to its hemoglobin content. Mitochondria
and other organelles continue to degenerate and will eventually be eliminated from
the cell. The nucleus must condense further to assume its final form.
Mature erythrocytes of the primitive and definitive cell lines are difficult to

__ _J
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Figure 32.

Polychromatophilic erythroblasts in early and middle phases of

differentiation.

A.

A lowly differentiated polychromatophilic erythroblast (er,

endoplasmic reticulum; nu, nucleus) reveals an array of microtubules (tu) beneath the
plasmalemma and small accumulations of ferritin granules (fe ). x 18,100, Scale bar
= 1 µm.

B.

A moderately differentiated polychromatophilic erythroblast (tu ,

microtubule) shows larger cytoplasmic aggregations of ferritin granules (fe) and the
degeneration of mitochondria (mt). Chromatin in the nucleus (nu) condenses to form
the "checkerboard" pattern that distinguishes this erythropoietic cell. x19,000, Scale
bar= 1 µm.
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Figure 33. Polychromatophilic erythroblast in a late phase of differentiation. Ferritin
granules (fe) occur throughout the cytoplasm of this highly differentiated cell, along
with numerous vesicles which may be the remnants of membranous organelles, such
as mitochondria (mt). Microtubules (tu) in the cortical cytoplasm may be responsible
for alterations to cell shape. ery, erythrocyte. xl 7,200, Scale bar

= 1 µm.
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Figure 34. Acidophilic erythroblasts. A. An early acidophilic erythroblast (nu,
nucleus) is assuming the definitive (biconvex) shape of an erythrocyte. The cytoplasm
contains large aggregations of ferritin granules (fe), and the mitochondria (mt) of the
cell are undergoing degenerative changes.

x 17,500, Scale bar

= 1

µ,m.

B.

Hemoglobin in a late acidophilic erythroblast (nu, nucleus) accounts for the
cytoplasmic density. A few degenerating organelles can still be identified. Both cell
shape and nuclear morphology are approaching their final forms. x22, 700, Scale bar

= 1 µ,m.
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distinguish in photomicrographs.

Both have condensed nuclei and acidophilic

cytoplasms (Figure 29F), but they are disparate in size (Romanoff, 1960).

A

primitive erythrocyte is distinctly larger than a definitive cell (Figure 35A,B). A
primitive erythrocyte may contain the remnants of organelles, dispersed among the
cytoplasmic ribosomes. Definitive erythrocytes, representing the cell line produced
intraembryonically,

contain

little

else

but

hemoglobin

in

the

cytoplasm.

Plasmalemmal blebbing is a consistent feature of mature erythrocytes from both cell
lines (Ceresa-Castellani and Leone, 1969). Flattened cells display greater surface
activity than the rounded, less mature, erythrocytes (Figure 36).

2.2

Granulopoiesis

Granulopoiesis has not been studied extensively in the avian liver. Kingsbury
et al. (1956) noted a few eosinophilic leukocytes at intravascular and extravascular
sites at Stage 40.

The number of leukocytes subsequently increased, and

extravascular clusters were observed at Stages 43 and 44.

Granulopoietic cells,

including brief descriptions of their nuclear and cytoplasmic features, are summarized
in Table 3. Granulopoietic cells, corresponding directly with their counterparts in the
mammal, are easily identified in histological sections (Figure 37).
The promyelocyte is a rounded cell with an eccentric nucleus containing two
nucleoli (Figure 37A). Eosinophilic granules begin to accumulate in the periphery
of the cell, at the side opposite to the nucleus. Compared to a promyelocyte, a

102

Figure 35. Primitive and definitive erythrocytes. A. A primitive erythrocyte has a
dense nucleus (nu).

Ribosomes and a few degenerating mitochondria (mt) are

identifiable in the cytoplasm. en, endothelial cell; pc, perisinusoidal cell. x9,000,
Scale bar

= 5 µm.

B. A definitive erythrocyte is distinctly smaller than a primitive

erythrocyte, but it too exhibits a dense nucleus (nu). The dense cytoplasm of a
definitive erythrocyte is devoid of most organelles and inclusions. Plasmalemmal
blebbing is detected in this cell (arrowheads). en, endothelial cell; pc, perisinusoidal
cell. x9,000, Scale bar

= 5 µm.
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Figure 36. Circulating blood cells. This scanning electron micrograph illustrates the
surface deformations (arrowheads) of developing erythrocytes (ery) from the general
circulation. Flattened cells, which are more mature than rounded cells, show more
plasmalemmal deformations. x7,050, Scale bar

= 5 µm.

106
Table 3. Granulopoietic cells of the bird ( after Campbell, 1988).

Cell

Nuclear Morphology

Cytoplasmic Morphology

Promyelocyte

Eccentric nucleus with
dispersed chromatin
One or two nucleoli

Spherical cell with
moderately basophilic
cytoplasm and specific
("primary") granules

Indented nucleus with
clumps of condensed
chromatin beneath the
nuclear envelope

Spherical cell with
intensely basophilic
cytoplasm and specific
("secondary") granules

Myelocyte

One or two nucleoli
Metamyelocyte

Reniform nucleus with
condensed chromatin
throughout the
nucleoplasm

Spherical cell which is
smaller than a myelocyte

No nucleoli
Band Cell

Thick bridges ("bands")
link the nuclear lobes

Spherical cell with
numerous specific
granules

Leukocyte

Thin bridges link the 3-4
nuclear lobes

Spherical cell with
numerous specific
granules
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Figure 37.

Granulopoietic cells.

A.

A promyelocyte (arrowhead) beginning to

accumulate specific ( eosinophilic) granules.

B.

An eosinophilic myelocyte

(arrowhead) in the connective tissue of a blood vessel.

C.

A metamyelocyte

(arrowhead), together with other eosinophilic cells at various stages of maturation, in
vascular connective tissue. D. A band cell (arrowhead) in the connective tissue (ct)
of a blood vessel. he, hepatic cord. E.
circulation with erythrocytes (e,y).

Mature eosinophilic leukocyte (leu) in

F. Leukocytes may develop in blood islands

within the vascular connective tissue (ct). he, hepatic cord. xl,125, Scale bar
µ.m.

= 20
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myelocyte has more cytoplasmic granules (Figure 37B).

Its nuclear shape is

unchanged, but there are now signs of chromatin condensation. Nucleoli are no
longer prominent in the photomicrographs. Metamyelocytes may differentiate alone
or in masses which include other granulopoietic cells (Figure 37C). The nucleus of
a metamyelocyte is typically reniform.
The fundamental difference between a metamyelocyte and a band cell relates
to nuclear morphology. The nucleus of a band cell is horseshoe-shaped, with thick
bridges ("bands") joining the lobes (Figure 37D). As the nuclear bridges narrow, the
3-4 nuclear lobes of a mature eosinophilic leukocyte can be clearly delimited (Figure
37E).
Basophilic and heterophilic leukocytes pass through these same stages, but the
hemopoietic cells have never been observed in the liver. Circulating eosinophilic
leukocytes can be found in Stage 34, but evidence of granulopoiesis is not observed
until Stage 35, indicating that the earliest cells in the blood stream originate outside
the liver. Upon commencement of granulopoiesis in the liver, granulopoietic cells are
found individually and in groups within the connective tissue sheaths of the blood
vessels. From Stage 35 onward, granulopoietic blood islands become well established
extravascularly (Figure 37F). These observations indicate a much earlier appearance
of granulocytes and granulopoietic blood islands than recorded previously (Kingsbury

et al., 1956).
The specific granules of mature eosinophilic leukocytes are rod-shaped (Figure
38A,B). Endoplasmic reticulum, mitochondria, and ribosomes are rather scarce in
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Figure 38. Eosinophilic leukocytes. A. An eosinophilic leukocyte in the general
circulation shows several rod-shaped specific granules (sg). Four lobes of the nucleus

(nu) can be discerned. Granular endoplasmic reticulum (er) and ribosomes are
scarce.

x15,400, Scale bar

=

1 µm. B. Eosinophilic leukocytes (nu, nucleus; sg,

specific granule) may develop in small extravascular groups. x 15,800, Scale bar

1 µm.

=
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these cells.

The nucleus contains a high proportion of condensed chromatin.

Extravascular granulocytes may come into close contact with one another, but there
is no evidence to suggest that these cells were ever physically linked.

2.3

Other Cells in the Hepatic Circulation

Lymphocytes, monocytes, and thrombocytes are also found in the hepatic
circulation (Figure 39). The circulating lymphocyte has a spherical nucleus with a
thin rim of basophilic cytoplasm (Figure 39A). Chromatin condensation is apparent
in the central nucleoplasm and beneath the inner membrane of the nuclear envelope.
The perinuclear cytoplasm is rich in individual ribosomes and polysomes (Figure
40A). Membranous organelles, such as mitochondria and endoplasmic reticulum, are
scarce. Lymphocytes may also reside in extravascular locations, although these cells
do not have the same rounded contours . as their circulating counterparts (Figure
40B). Kingsbury et al. (1956) encountered a large number of lymphocytes in the
hepatic blood vessels at Stage 43.
Monocytes, like lymphocytes, have a basophilic cytoplasm (Figure 39B). The
nucleus of the monocyte, however, is indented. Clumps of condensed chromatin
appear in the central nucleoplasm and beneath the nuclear envelope (Figure 40C).
The cytoplasm contains a few mitochondria, polysomes, and a small number of
spherical non-specific granules.
Thrombocytes display dense nuclei, similar to those of erythrocytes (Figure
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Figure 39. Lymphocyte, monocyte, and thrombocytes. A. Lymphocyte (lym) with
a thin rim of cytoplasm around the nucleus. B. Monocyte (mon) with a slightly
indented nucleus. he, hepatic cord; thr, thrombocyte. C. Thrombocytes (thr) in the
general circulation typically occur in groups, but single cells are occasionally found.
x 1,125, Scale bar

=

20 µ,m.

115

Figure 40.

Lymphocytes and monocyte.

A.

A lymphocyte from the general

circulation has a spherical nucleus (nu) with an expansive nucleolus. The nucleus is
surrounded by a thin rim of cytoplasm containing ribosomes and occasional
mitochondria (mt). en, endothelial cell; ps, perisinusoidal space. xl4,300, Scale bar

= 1 µm. B. A lymphocyte (lym) from the perisinusoidal space (ps) does not show
the rounded contour of a circulating cell. en, endothelial cell. x7,150, Scale bar

=

1 µm. C. A monocyte (mt, mitochondrion; ng, non-specific granule; nl, nucleolus)
in the sinusoidal lumen has an irregular in shape. The indented nucleus (nu) is
displaced toward one side of the cell. Polysomes are prevalent in the cytoplasm.
x16,300, Scale bar

= 1 µm.

117
39C). The cytoplasm has a slight acidophilia. Thrombocytes from the circulation are
commonly found in clumps, but individual cells are occasionally observed.
Two anucleate cells were found in the developing liver, one in the circulation
and the other among the hepatocytes of the cords. The circulating cell contains
prominent vacuoles and numerous granules in elaborate networks (Figure 4 lA,B).
Small and Davies (1972), who originally reported this cell, identified the cytoplasmic
granules as ribosomes and described their organization into tetramers. Mitochondria
seem to be totally absent, but granular cisternae of the endoplasmic reticulum are
sometimes present. The anucleate cell described here measures approximately 3 µm
in diameter. It is, therefore, larger than the corresponding cell described by Small
and Davies (1972).
The non-circulating anucleate cell has a dense cytoplasm packed with many
vesicles and vacuoles (Figure 42A,B).

Cisternae of the granular endoplasmic

reticulum were aggregated into long parallel arrays, forming paracrystalline bodies,
and mitochondria were segregated in one area of the cytoplasm.
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Figure 41. Anucleate cell from the circulation. A. This peculiar cell, with prominent
vacuoles and ornate cytoplasmic inclusions, was found among circulating erythrocytes
(ery ). en, endothelial cell. x24,500, Scale bar

=

1 µm. B. Higher magnification

better illustrates the electron-dense inclusions in the cytoplasm and their elaborate
forms of association. en, endothelial cell; ery, erythrocyte. x39,900, Scale bar
µm.

=1

C

G)

/ .·
<(
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Figure 42. Anucleate cell among the hepatocytes. A. A second anucleate cell was
encountered among the cells of the hepatic cords. This cell is distinguished by an
aggregation of mitochondria (mt). Granular cisternae of the endoplasmic reticulum
(er) are arranged into parallel arrays. mv, microvillus. xl0,600, Scale bar

B.

= 5 µm.

Higher magnification reveals the presence of paracrystalline bodies in the

cytoplasm, as well as numerous vesicles and vacuoles. er, endoplasmic reticulum; mt,
mitochondrion; mv, microvillus. x24,600, Scale bar

=

1 µm.
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DISCUSSION

1

Hepatic Development

Scanning electron microscopy confirms that the avian liver is a mass of
dendriform hepatic cords.

It is understandable how longitudinal sections of the

hepatic cords were misinterpreted as cell plates in some earlier studies (Hodges,
1972). As the concentration of cords increases during organogenesis, it becomes
increasingly difficult to discern their cylindrical nature.
Two modes of canaliculus formation have been proposed by Fukuda (1976):
the assimilation of lumina within terminal branches of the hepatic diverticula or the
interconnection of small spaces between the hepatocytes.

From the onset of

hemopoiesis to its peak, bile canaliculi unquestionably form by the union of
intercellular spaces.

There is no evidence indicating that canaliculus formation

precedes the establishment of apicolateral junctions between the hepatocytes
(Stephens and Bils, 1967), although these junctions are undoubtedly remodelled
during cell rearrangement.
As the bile canaliculi expand, the hepatocytes send increasing numbers of

microvilli into the lumina.

The length and number of microvilli might reflect

hepatocyte activity, with numerous, long microvilli on the apices of active cells and
sparse, short microvilli on the apices of inactive cells (Sandstrom and Westman,
1971 ) . . Material in the bile canaliculi at Stage 37 could be an early indication of bile
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production in the liver.

1.1

Hepatocytes

"Dark" cells predominate in the avian liver.

The abundance of granular

endoplasmic reticulum within these cells suggests that protein synthesis is a major
function. Association of the granular cistemae with the mitochondria may facilitate
cell metabolism (Stephens and Bils, 1967). Mitochondria would supposedly provide
the energy for protein synthesis by the bound ribosomes.
The "light" cells of the avian liver are ultrastructurally distinct from the "dark"
cells (Sandstrom and Westman, 1971; Fancsi, 1982). "Light" cells contain vesicular
cisternae of the agranular endoplasmic reticulum. Agranular endoplasmic reticulum
is a prevalent organelle in cells which specialize for lipid metabolism or steroid
hormone synthesis (Alberts et al., 1989). Cisternal membranes in hepatocytes do
contain the enzymes which produce the lipid moieties for lipoproteins and the
enzymes for detoxification reactions (Alberts et al., 1989).
The prevalence of agranular endoplasmic reticulum in the "light" cells and
granular endoplasmic reticulum in the "dark" cells indicates a fundamental difference
in cell function. One must not forget, however, that the two forms of endoplasmic
reticulum can interconvert by the addition or loss of ribosomes (Stephens and Bils,
1967; Cardell, 1977). In differentiating hepatocytes of the avian liver, cistemae tend
to flatten during the addition of ribosomes.

Interconversion and cistemal
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modifications may account for some discrepancies in the ultrastructural descriptions
of differentiating cells.
In the mammalian liver, Gagnote and Moses (1968) concluded that the "light"
cells were just one of many artifacts resulting from fixation by the immersion method.
These artifacts, including vesiculation of the endoplasmic reticulum, modifications to
mitochondrial size and shape, and excessive clumping of the chromatin in the nucleus,
were attributed to the concentration of glutaraldehyde, the time spent in the fixative,
and the size of the tissue blocks. Fixation by perfusion was rated better than fixation
by immersion. In this thesis project, which utilized fixation by immersion, there were
no significant differences between the mitochondria or the nuclei in the "dark" cells
and the "light" cells.
Small vesicles among the glycogen granules have been reported here and in
previous studies (Karrer, 1960b, 1961; Stephens and Bils, 1967; Sandstrom and
Westman, 1971).

The small vesicles might contain glycogen precursors or the

enzymes for glycogenesis (Karrer, 1960b; Stephens and Bils, 1967). Stephens and Bils
(1967) contend that the vesicles arise as terminal blebs from cisternae of the
endoplasmic reticulum. Vesiculation from the ends of cisternae, however, was seldom
observed in the present study. Based upon a fuller appreciation of the structure and
function of endoplasmic reticulum, vesiculation is now thought to be restricted to
specific sites ("transitional elements"). Transport vesicles from these sites ferry newly
synthesized proteins and lipids to the Golgi apparatus for additional processing
(Alberts et al., 1989).
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Karrer (1960a) speculated about involvement of the Golgi apparatus in
glycogenesis. His premise was based the tandem development of the Golgi apparatus
and the glycogen granules; the resemblance of vesicles among the glycogen granules
to Golgi vesicles; and the proximity of the Golgi apparatus to some cytoplasmic
glycogen pockets. Karrer (1960b) later conceded that the positioning of the glycogen
pockets close to the Golgi apparatus could be coincidental. Electron-dense material
in the Golgi apparatus is one indication of activity within this organelle during early
organogenesis. Karrer (1960b) suggested that the Golgi apparatus might contain
glycogen precursors or enzymes for glycogenesis. Such a suggestion recognizes the
involvement of the Golgi apparatus in carbohydrate metabolism and enzyme
production (Rothman, 1981). Golgi vesicles would deliver these products to the
cytoplasmic areas of glycogen accumulation or utilization.
Romanoff (1960) and Medda et al. (1977) noted a glycogen decrease in
hepatocytes from Stage 35 to Stage 38, but Stephens and Bils (1967) observed a
continual increase in glycogen across Stages 29, 34, 36, and 39. By including more
embryonic stages, thus sampling the liver at shorter intervals, the present study
uncovered no evidence for a glycogen decrease in cells during Stages 36 to 40. While
hepatocytes engage in glycogenesis during differentiation, the frequencies of
glycogen-containing cells fluctuate in early hemopoiesis (Stages 30 to 35), indicating
that glycogen accumulation is progressive but discontinuous.

This trend can be

rationalized if one concedes that hepatocytes are utilizing, as well as amassing,
glycogen during differentiation.

Mitotic activity in early hemopoiesis could, for
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example, require glycogenolysis.
Using 10-µ,m paraffin sections stained with hematoxylin and eosin, Medda et
al. (1977) assessed changes in hepatocyte size during differentiation by measuring

cross-sectional areas. Noting that liver growth hinges on the proliferation of cells and
on increases in their size and weight, these workers defined three phases of cell
growth: a size increase from Stage 24 to Stage 34, a relatively constant size from
Stage 34 to Stage 40, and another size increase from Stage 40 to Stage 45. A period
of constant cell size between Stages 30 and 40, corresponding to the second phase
of cell growth, was not observed in this thesis project. The decrease in hepatocyte
size during early hemopoiesis could be a reflection of proliferative activity in that
mitoses may occur at faster rates, leaving little time for cell growth between divisions.
Slower mitotic rates between Stages 35 and 38 would afford the cells more time for
growth.

This explanation would better account for the mitotic indices given by

Medda et al. (1977).

1.2

Perisinusoidal Cells

Transmission electron micrographs disclose two forms of perisinusoidal cells
in the chicken. The distended cell, which extends processes beneath the sinusoidal
lining, contains a well developed network of granular endoplasmic reticulum and a
Golgi apparatus, possibly indicative of high metabolic activity (Le Douarin, 1975).
Fibroblasts, by comparison, have an even more extensive network of granular
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endoplasmic reticulum, allowing efficient production of the components of the
extracellular matrix, such as collagen fibers (Alberts et al., 1989). The distended
perisinusoidal cells could be responsible for producing the reticular fibers (collagen
fibrils) in the perisinusoidal spaces.
Retracted perisinusoidal cells contain free ribosomes and modest networks of
endoplasmic reticulum. As the perisinusoidal cells become less numerous during
organogenesis of the liver, the retracted forms predominate. If perisinusoidal cells
are involved with the synthesis of collagen subunits, the change in cell form would
indicate a decreased capacity for production of connective tissue fibers.

1.3

Sinusoidal Linings

Migration of blood cells through fenestrations in the endothelial cells, as
proposed by Bankston and Pino (1980), can not apply to the bird: there are no
fenestrae across the endothelial cells. The extravascular and intravascular blood cells
in the avian liver probably move through gaps in the sinusoidal linings to enter or
leave the circulation.

1.3.1

Endothelial Cells

Endothelial cells are able to phagocytose small particles (Le Douarin, 1975;
Fukuda, 1976; Bankston and Pino, 1980). Le Douarin (1975) discovered that hepatic
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mesenchymal cells can take up China ink particles injected into the circulation of
embryos at Stage 40, and Fukuda (1976) also noted phagocytic activity among the
endothelial cells in the vitelline veins and ductus venosus following the injection of
India ink. The mesenchymal cells ingesting the ink particles developed characteristics
akin to those of Kupffer cells, leading Le Douarin (1975) to consider that endothelial
cells and Kupffer cells are functional variants of a single cell.

Sandstrom and

Westman (1971) also reported the phagocytosis of erythrocytes by endothelial cells,
but it is quite possible that they were observing immature Kupffer cells, rather than
endothelial cells, in the sinusoidal lining.
Endothelial cells between Stages 29 and 42 reveal some plasmalemmal activity,
manifested as uncoated membrane pits and cytoplasmic vesicles. It is known that
endothelial cells from small blood vessels in skeletal muscle are able to transport
material from the blood stream to the tissue fluid via uncoated endocytotic vesicles,
a process called transcytosis (Alberts et al., 1989). Transcytosis by endothelial cells
could be operational in early stages of hepatic development when the sinusoidal
linings are still continuous. The phagocytotic activity of endothelial cells declines
after Stage 34 (Fukuda, 1976).

As the hepatic vessels become increasingly

discontinuous, the apparent need to transport material by transcytosis would be
reduced, since formidable gaps in the linings then link the sinusoidal lumina to the
perisinusoidal spaces.

1.3.2

Free Macrophages and Kupffer Cells
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Although both endothelial cells and Kupffer cells are capable of phagocytosis,
they are probably unique cells rather than functional variants of a single cell type (Le
Douarin, 1975). The endothelial cells and the Kupffer cells are morphologically
discrete, and the cytoplasmic features allied with phagocytosis, such as endocytotic
vacuoles and residual bodies, are better expressed by the Kupffer cells. Functional
differences, namely blood cell formation by the endothelial cells and erythrocyte
destruction by the Kupffer cells, also argue that the two cells in the sinusoidal linings
are unique.

2

Hepatic Hemopoiesis

Hepatic hemopoiesis in the avian embryo is different in some respects from
that in the mammalian embryo.

Certain elements deemed critical to hepatic

hemopoiesis in the mammal may not hold equal importance in the bird. In the avian
liver, the vasculature is crucial to hemopoiesis, owing to the obvious involvement of
endothelial cells in erythropoiesis. Since blood cells can originate intravascularly as
well as extravascularly, neither the prehepatocyte population nor the compartments
for stem cell differentiation hold the same relevance as in the mammal.
Furthermore, there seems to be no subdivision of the hepatic environment in the bird
into microenvironments for the erythrocyte and granulocyte lines.

2.1

Erythropoiesis
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Mammalian erythropoietic cells have been identified extravascularly as
individual cells and as members of blood islands (Ackerman et al., 1961). In the bird,
only individual proerythroblasts and basophilic erythroblasts have ever been seen
extravascularly. Kingsbury et al. (1956), also finding intravascular and extravascular
erythroblasts at early stages of hepatic development, discovered a subsequent increase
in the number of intravascular erythroblasts and a decline in the number of
extravascular cells. In this thesis project, polychromatophilic erythroblasts were never
observed extravascularly, so proerythroblasts and basophilic erythroblasts may be the
cells which actually cross the sinusoidal linings to enter the circulation.
Proerythroblasts in mammalian embryos are ·capable of mitosis (Jones, 1970),
as are those in the avian embryo (present study; Karrer, 1961). Since extravascular
proerythroblasts never occur in groups, they could be quiescent interphase cells or,
if mitotically competent, one daughter cell of each division might immediately enter
the circulation. As hepatic hemopoiesis draws to a close, the proerythroblasts must
either enter the circulation or differentiate into basophilic erythroblasts which then
enter the circulation.
The close association of hepatocytes and hemopoietic cells in mammals has
led some investigators to conclude that hepatocytes regulate the differentiation of
hemopoietic cells (Asano et al., 1987). Intercellular junctions are not required to
maintain the close contacts between these cells in the mammal (Medlock and Haar,
1983).

Hepatocytes in the avian embryo also situate close to extravascular

proerythroblasts, and there is no evidence that the two cell types form intercellular
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junctions with each other. As indicated previously, avian hepatocytes probably exert
little control over the differentiation of hemopoietic cells, since cell differentiation
also occurs intravascularly.
Endothelial cells are involved in erythropoiesis, as originally proposed by
Karrer (1961), and the present study relates the placement of the mitotic apparatus
in the endothelial cell to the possible fates of the daughter cells. An endothelial cell
with a central mitotic apparatus seems to divide equally, and both daughter cells are
retained in the sinusoidal lining.

An endothelial cell with an eccentric mitotic

apparatus probably gives rise to daughter cells with dissimilar fates, one being
released into the circulation as a proerythroblast and the other remaining in the
sinusoidal lining as an endothelial cell.

The "attachment" of the nascent

erythropoietic cells to the sinusoidal lining (Karrer, 1961) was not verified by the
present study. Images of erythropoietic cell "attachment" could represent the chance
apposition of cells or the presumptive erythroblast before cytokinesis of the
endothelial cell is complete.
Karrer (1961) did not find any extravascular hemopoietic cells, concluding that
blood cells arise exclusively from endothelial cells. The present study contradicts this
conclusion, illustrating the joint contribution of extravascular cells and endothelial
cells.

The site of origin of the extravascular stem cells for the erythrocyte line

remains unknown.

Like endothelial cells, the extravascular stem cells may also

originate from mesoderm of the septum transversum (Rifkind et al., 1969).
The involvement of microtubules in the shape changes of erythropoietic cells
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was suspected by earlier investigators (Ceresa-Castellani and Leone, 1969; Small and
Davies, 1972). These workers detected a marginal band of microtubules in the
polychromatophilic erythroblast. Formation of this marginal band, however, probably
begins earlier (i.e., in the basophilic erythroblast) since the actual shape change
occurs in the polychromatophilic cell. Microtubules may also perform cytoskeletal
roles, maintaining the shape of erythroblasts and conferring upon them elasticity and
an ability to resist external pressure (Grasso, 1966). The decline in the number of
microtubules in mature avian erythrocytes, and their virtual absence from mature
mammalian erythrocytes, argue against any role in the maintenance of shape in fully
differentiated cells (Small and Davies, 1972).
Coated pits and vesicles were observed in the basophilic erythroblasts, but not
in the proerythroblasts, as claimed by Small and Davies (1972). Coated vesicles offer
a mechanism for the uptake of specific macromolecules by the process of
receptor-mediated endocytosis (Alberts et al., 1989). Although endocytosis might
mediate iron uptake by a maturing erythrocyte, ferritin granules have never been
observed in coated vesicles or pits (see also Ceresa-Castellani and Leone, 1969; Small
and Davies, 1972). A serum-chelating protein may instead facilitate the entry of iron
into the erythroblasts (Small and Davies, 1972). Transferrin, a serum glycoprotein
in mammals, transfers iron from absorption or storage sites to other locations where
it is taken up by receptor-mediated endocytosis. Conalbumen .in the chicken is an
analogue of transferrin, so the process of receptor-mediated endocytosis is also
available to this group of organisms. The transferrin-receptor complex releases iron

133
into the lumen of the endocytotic vesicle, and the iron is later shunted to the
cytoplasm, where it is visualized as free ferritin granules. The mechanism of iron
transport across the membrane of the vesicle is not known (Dautry-Varsat et al.,
1983). Receptor-mediated endocytosis is a mechanism by which many hormones and
growth factors are ingested. Hence, coated vesicle formation could be a potential
response to erythropoietin, a glycoprotein hormone which stimulates erythrocyte
production (Alberts et al., 1989).

2.2

Granulopoiesis

The origin of granulocytes from the vascular connective tissue is unlikely.
Instead, stem cells of the liver probably migrate from other intraembryonic sites of
origin, as shown for the stem cells in other hemopoietic organs (Martin et al., 1980).
The mesoderm of the septum transversum is one possible source of the stem cells for
granulopoiesis.

2.3

Anucleate Cells

Small and Davies ( 1972) hypothesize that anucleate cells play a role in
development or, perhaps, represent degenerating cells. The anucleate fragments in
the circulation could arise at distant sites in the embryo. Macrophage-like cells in the
loose connective tissues of the body can supposedly pinch off fragments which are
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remarkably similar to the anucleate cells in the circulation (Small and Davies, 1972).
Hepatocytes also extrude cytoplasmic fragments which enter the circulation through
gaps in the sinusoidal linings. The hepatocyte fragments, however, are essentially
devoid of membranous structures, containing mostly free ribosomes.
Elaborate granular arrays, similar to those in the circulating anucleate cells,
have been observed in cold-shocked cells of the chicken embryo and attributed to
free-ribosome crystallization (Byers, 1967). The complexity of the granular arrays is
greater in mitotic cells than in interphase cells. Since the chicken embryos in this
study were reared at normal incubation temperatures, the anucleate cells with
granular arrays are more difficult to interpret. They could be the derivatives of
normal cells, but they might also be fragments induced by cold exposure (e.g.,
refrigeration of eggs to retard embryonic development) or other environmental
shocks.
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