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ABSTRACT

Animal model phenotyping, in utero exposure toxicity studies, and investigation into causes of embryonic, fetal, or perinatal deaths have required

pathologists to recognize and diagnose developmental disorders in spontaneous and engineered mouse models of disease. In mammals, the liver is the

main site of hematopoiesis during fetal development, has endocrine and exocrine functions important for maintaining homeostasis in fetal and adult

life; and performs other functions including waste detoxification, production and removal of glucose, glycogen storage, triglyceride and fatty acid

processing, and serum protein production. Due to its role in many critical functions, alterations in the size, morphology, or function(s) of the liver

often lead to embryonic lethality. Many publications and websites describe individual aspects of hepatobiliary development at defined stages. How-

ever, no single resource provides a detailed histological evaluation of H&E-stained sections of the developing murine liver and biliary systems using

high-magnification and high-resolution color images. The work herein provides a histology atlas of hepatobiliary development between embryonic

days 9.5-18.5. Although the focus of this work is normal hepatobiliary development, common defects in liver development are also described as a

reference for pathologists who may be asked to phenotype mice with congenital, inherited, or treatment-related hepatobiliary defects.

Authors’ note: All digital images can be viewed online at https://niehsimagesepl-inc.com with the username ‘‘ToxPathLiver’’ and the password

‘‘embryolivers.’’
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INTRODUCTION

Despite the liver’s essential functions, little is known about

the factors that underlie liver development during gestation. In

light of this situation, the American Liver Foundation has pub-

lished the ‘‘Pediatric Liver Research Agenda’’ (Sokol 2002)

advocating increased funding toward understanding embryonic

and fetal liver development in order to provide important insights

into treatments and preventative strategies for human pediatric

liver disease. Thus, with the use of transgenic and gene targeting

technologies in mice, the molecular mechanisms of mammalian

liver development are currently heavily investigated (reviewed

in Duncan 2003; Zaret 1996). These studies have led to the iden-

tification of some of the individual factors critical for hepatic

competence and subsequent liver morphogenesis. As the number

of genetically modified mice increases, the number of animal

models with hepatic defects showing functional and/or structural

phenotypic abnormalities will also rise.

Many of the structures in the developing mammalian

embryo are identified in Kaufman’s detailed histological atlas

of mouse development (Kaufman 1999), Sulik and Bream’s

online tutorial of normal development using scanning electron

micrographs (http://www.med.unc.edu/embryo_images/), a

high-resolution magnetic resonance imaging atlas of the

embryonic and neonatal mouse (Petiet et al. 2008), and the

Edinburgh 3D digital atlas of mouse embryonic development

(http://genex.hgu.mrc.ac.uk/). These resources, while excel-

lent, emphasize images at relatively low magnification and/or

are black-and-white representations. The goal of this present

histology atlas of mouse hepatobiliary development is to pro-

vide a high-magnification resource of conventional H&E

(hematoxylin and eosin) stained color images for pathologists

and biomedical scientists to use as an aid in identifying normal

structures and cell types within the developing liver and biliary

systems. The images were chosen to illustrate the main devel-

opmental events including structures and cell morphology seen

at each gestational day between E9.5 and E18.5 (where the

time of conception is designated as E0.5).

The terms ‘‘embryo,’’ ‘‘fetus,’’ and ‘‘conceptus’’ are used

within this atlas and are sometimes used interchangeably

within the literature. For these reasons, definition of these

terms is warranted. The term ‘‘embryo’’ is used for the devel-

oping human individual from the time of implantation until the

time of onset of bone marrow formation in the humerus, which
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is about the end of the eighth week postconception. After this

stage and until birth, the term ‘‘fetus’’ is used. ‘‘Conceptus’’

is a term that can be used for both the embryo and fetus but also

includes the embryonic part of the placenta as well as the

amnion, chorion, and yolk sac. The ‘‘embryo’’ classification

scheme allows for a standardized staging system for human

embryos, and distinguishing between these stages may occa-

sionally be of critical importance. Since the mouse has a much

shorter gestation period, the designation of ‘‘embryo’’ versus

‘‘fetus’’ is less important, whereas the developmental age post-

conception is critically important. For this reason, the term

‘‘embryo’’ is used to define all stages of murine development

between fertilization and birth with the stage of development

indicated by the gestational age (E0.5 þ days postconception)

(Kaufman 1999). Additional anatomic terminologies used for

human embryos/fetuses that do not correspond to mouse anat-

omy are ‘‘superior’’ and ‘‘inferior.’’ For these terms, the official

international veterinary nomenclature (‘‘cranial’’ and ‘‘caudal,’’

respectively) is used (Nomina Anatomica Veterinaria 2007). For

example, the veterinary terms for inferior vena cava and superior

mesenteric vein are ‘‘caudal vena cava’’ and ‘‘cranial mesenteric

vein,’’ respectively.

This atlas includes images and descriptions of normal

microanatomy of the developing mouse liver, as well as

descriptions of changes in the individual cell populations and

in cellular organization that occur as the liver matures during

gestation. It should be noted that many of the structures identi-

fiable within the developing liver might only be seen on a select

few slides from any particular stage of development. Thus, to

avoid missing critical structures, it is critical that evaluation

of the embryonic liver involve examination of a subset of serial

sections through the entire organ. Although it may be ideal to

use three views (transverse, sagittal, frontal) to assess the

development of many organ systems, the developing hepato-

biliary system is best illustrated using frontal and transverse

sections. These views have the benefit of showing both the left

and right liver lobes simultaneously. Also, due to the potential

for strain differences when evaluating normal development, it

is crucial to always compare potential defects to concurrent

strain- and age-matched controls; littermates, if available, are

always the ideal source for comparison.

TABLE 1.—Abnormal hepatic phenotypes found in genetically

modified mice.

Hepatic phenotype

Number of genotypes with a

certain phenotype

Abnormal liver morphology 1,093

Abnormal liver development 62

Delayed hepatic development 8

Abnormal liver iron levels 67

Decreased liver iron 9

Increased liver iron 55

Abnormal liver parenchyma

morphology

222

Abnormal liver lobule morphology 213

Abnormal bile canaliculus 6

Abnormal hepatocytes 190

Decreased apoptosis 8

Decreased number 20

Dissociation 7

Increased apoptosis 44

Abnormal liver sinusoids 33

Abnormal perisinusoidal space 1

Abnormal liver size 449

Abnormal liver weight 196

Enlarged liver 256

Small liver 193

Hepatic necrosis 77

Diffuse 2

Focal 15

Multifocal 9

Abnormal vasculature morphology 52

Hepatic steatosis 200

Liver abscess 1

Liver cirrhosis 5

Liver cysts 26

Liver degeneration 27

Liver fibrosis 33

Pale liver 81

Main categories of abnormal hepatic phenotypes are indicated in bold and

subcategories are italicized. The number of genotypes with a certain hepatic phenotype

is indicated. One genotype may have several different phenotypes, and vice versa. These

data were collected from the Mouse Genome Database (MGD). Mouse Genome Infor-

matics Web site, The Jackson Laboratory, Bar Harbor, Maine (http://www.informatics

.jax.org), retrieved March 2010. (Search: phenotypes; phenotypes, diseases and alleles

query; anatomic systems affected by phenotypes; liver/biliary system; full mammalian

phenotype ontology; liver/biliary system phenotype; abnormal liver/bilary system mor-

phology; abnormal liver/bilary system development; abnormal liver development; etc.)

TABLE 2.—Abnormal biliary phenotypes found in genetically

modified mice.

Biliary phenotype

Number of genotypes with a

certain phenotype

Abnormal biliary tract morphology 71

Abnormal bile duct morphology 53

Bile duct development 26

Extrahepatic bile duct morphology 6

Common bile duct morphology 2

Common hepatic duct morphology 0

Cystic duct morphology 3

Intrahepatic bile duct morphology 1

Bile duct hyperplasia 4

Biliary cyst 8

Abnormal gallbladder morphology 26

Cystic duct morphology 3

Gallbladder epithelium morphology 0

Gallbladder infundibulum

morphology

0

Absent gallbladder 6

Dilated gallbladder 10

Enlarged gallbladder 5

Small gallbladder 1

Main categories of biliary phenotypes are indicated in bold and subcategories are

italicized. The number of genotypes with a certain biliary phenotype is indicated. One

genotype may have several different biliary phenotypes, and vice versa. These data were

collected from the Mouse Genome Database (MGD), Mouse Genome Informatics Web

site, The Jackson Laboratory, Bar Harbor, Maine (http://www.informatics.jax.org),

retrieved March 2010. (Search: phenotypes; phenotypes, diseases and alleles query; ana-

tomic systems affected by phenotypes; liver/biliary system; full mammalian phenotype

ontology; liver/biliary system phenotype; abnormal liver/bilary system morphology;

abnormal liver/bilary system development; abnormal bile duct development; etc.)
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The Jackson Laboratory has published an online Mamma-

lian Phenotype Browser, which includes liver and biliary sys-

tem abnormalities (http://www.informatics.jax.org). The lists

of hepatic and biliary abnormalities provided on this Web

site have been summarized in Tables 1 and 2, respectively.

This site includes annotations and references for different

genotypes of mouse models with abnormal liver and biliary

system morphologies including abnormal liver parenchyma,

abnormal liver size, hepatic necrosis, hepatic steatosis, abnor-

mal bile duct and gallbladder morphology, and a range of

other abnormalities.

The following section on hepatic induction and early liver

development gives an overview of the characterization of hepatic

specification (hepatic lineage differentiation from foregut endo-

derm) and may not be necessary for the routine anatomic evalua-

tion of normal/abnormal hepatobiliary development. However, a

good understanding of site-specific molecular events may allow

comparative pathologists to provide an additional level of value

by ensuring that relevant structures have been thoroughly evalu-

ated. The development of the mouse hepatobiliary system from

E9.5 to E18.5, including an overview of venous drainage to the

placenta and hematopoiesis, are subsequently described and

illustrated in detail with labeled representative histological images

of different stages and orientations. The main hepatobiliary struc-

tural and hematopoietic events that occur during gestation are

summarized in Tables 3 and 4, respectively.

TABLE 3.—Main morphological changes during mouse gestation.

E8.0 Ventral wall of the foregut is positioned adjacent to the developing heart, from which it receives

cell signals to induce the development of hepatic tissue.

E9.0-9.5 Initiation of liver development.

Alpha-fetoprotein expression begins. Decreases later in development.

E9.5-E10.0 Formation of the hepatic bud.

Separation of the liver bud into the cranial and caudal lobes.

Gallbladder arises from caudal liver division.

Extrahepatic biliary system and intrahepatic bile ducts arise from the cranial liver division.

E10-10.5 Hepatic cords formed.

Vitelline veins branch within the septum transversum mesenchyme to form the hepatic sinusoids,

which comprise the majority of the liver volume.

Gallbladder primordium present.

E10.5-11.5 Substantial increase in liver size secondary to hepatoblast proliferation and

intrahepatic hematopoietic activity.

Common bile duct joins the gallbladder to the small intestine.

E11.5-E12.0 Liver replaces the visceral yolk sac as the primary supplier of hematopoietic cells.

Left umbilical vein evolves to form the ductus venosus.

Albumin expression begins and increases until adulthood.

Elongation of the gallbladder.

E12.5 Increase in functional hepatic parenchyma; decrease in hepatic sinusoids.

Appearance of Ito cells (not visible by H&E).

Liver lobes distinguished by development of interlobular spaces.

Right vitelline vein is now the portal vein.

Gallbladder essentially unchanged from E12.5-E18.5.

E13.5 Liver continues to increase in size and occupies the majority of the abdominal cavity.

Falciform ligament is present.

Fissures divide the liver into 4 main lobes: median, right, left and caudate.

Median lobe divided in to the right and left median lobe.

Right lobe divided in to the right cranial (anterior) and right caudal (posterior) lobe.

Intrahepatic bile duct differentiation occurs.

E14.5 Architecture of the developing liver remains the same, while the organ continues to grow.

Interlobar spaces completely penetrate through the liver lobes.

Hepatocytes and biliary epithelial cells begin to differentiate from bipotential hepatoblasts.

Hepatoblasts give rise to mature hepatocytes, which differentiate into cholangiocytes

in the developing periportal areas.

Focus of the embryonic liver shifts from hematopoiesis to hepatic metabolism.

E15.0-E15.5 Hepatocyte volume and individual hepatocyte size increases.

Ductal plate formed by biliary precursor cells.

E16.5 Hepatocytes have greater contact with each other as the hematopoietic population recedes.

E17.5-E18.5 Architecturally, the liver is unchanged from 14.5.

Bile ducts form.

Postnatal Maintains characteristic histological architecture; hepatic cords separated by sinusoids.

Hepatocytes organized into hepatic lobules.

Final stage of bile duct remodeling.

Proliferation of biliary cells, increase in portal triad formation occurs 10-20 days after birth.

Liver mass increases several fold the first 3 weeks, followed by a decline in the fourth week.

Ages are approximate.
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TABLE 4.—Main hematopoietic events during mouse gestation.

E7.0 Primitive hematopoiesis begins in the yolk sac, enter circulation,

and continue to mature.

E9.0-E11.5 Progenitor cells leave circulation and enter liver.

E11.5 Liver becomes the major site of hematopoiesis (E11.5-E12.5).

Hematopoietic compartment is *34% of liver volume.

Majority of hematopoietic cells are nucleated erythroid cells,

mostly proerythroblasts.

Granulocyte progenitors are rarely seen.

E12.5 Hematopoietic compartment is *68% of liver mass.

Erythropoietic cells increase in number, becoming more differentiated.

T lymphocytes are the primary lymphoid progenitor cell.

B cell and granulocyte progenitors are rare.

E13.5 Peak stage of hematopoiesis in the liver.

Hematopoietic compartment is *75% of liver volume by E13.0.

Erythroblastic islands appear (E13.0-E14.0).

T cell progenitors have decreased (primary site of hematopoiesis

shifted to thymus).

B cell progenitors have increased.

Granulocyte progenitors present in low numbers, scattered throughout.

Megakaryocytes increase in number.

E14.5 Most RBCs are still nucleated.

Hematopoietic foci appear cord-shaped.

Erythroblastic islands still present and increased in number.

Proerythroblasts decrease, orthochromatic erythroblasts increase.

B lymphocytes are the primary lymphoid progenitor cell.

Granulocytes progenitors present in low numbers, scattered throughout.

E15.0-E15.5 Site of hematopoiesis for erythroid and myelolymphoid precursors shifts

from the liver to the spleen.

Erythroblasts still the main hematopoietic cell within hepatic cords.

Granulocytes progenitors present in low numbers, scattered throughout.

Most intravascular RBCs are enucleated, anisocytosis is common.

Megakaryocytes still present in high numbers.

E16.5 Major site of hematopoiesis shifts from the liver and spleen to

the bone marrow (E16.0).

Hematopoietic population declines.

Some intravascular nucleated RBCs still present, most are anucleate.

Increase in granulocyte progenitor population, small foci scattered throughout.

Megakaryocytes still present in relatively high numbers.

E17.5 Erythropoietic activity rapidly declines.

Hematopoietic compartment about 30% of liver volume.

Hematopoietic cells scattered individually among hepatocytes.

Small, solitary hematopoietic foci form.

Intravascular RBCs mostly anucleate and more uniform size.

Granulocytes increase in number, scattered throughout, clustered around

veins and clustered around periphery.

B lymphocytes increase in number, scattered throughout and within

perivascular aggregates.

Megakaryocytes decreased in number.

E18.5 Hematopoiesis continues to decline.

Small, solitary hematopoietic foci.

Hematopoietic cells move to periportal spaces.

Granulocyte progenitors decrease in numbers but still found scattered

throughout and in small foci around central veins and adjacent to interlobar spaces.

Postnatal. First week: same as E18.5.

End of first week: discrete foci of hematopoietic cells progressing along a single

differentiation pathway.

Small foci remain in liver until 2 weeks after birth.

Hematopoietic cells can be found surrounding a central macrophage.

Megakaryocytes seen as isolated cells surrounded by hepatocytes.

Ages are approximate.
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Hepatic Induction and Early Liver Development

Initial studies investigating mechanisms of liver development

involved determination of the tissue interactions necessary for

liver induction. Using grafts of quail tissue placed into donor

chick embryos at different stages, Nicole Le Douarin demon-

strated that the induction of vertebrate hepatogenesis occurs in

two stages (Le Douarin 1975). The first stage occurs between the

5-7 somite stage (approximately E8.0 in the mouse) and results

in endoderm specification to a hepatic fate (Figure 1) (Kaufman

and Bard 1999). Tissue culture studies reveal that the ventral

endoderm must be in close contact with precardiac mesoderm

to develop into hepatic tissue (Le Douarin 1975; Fukuda 1979;

Fukuda-Taira 1981). During development, this interaction

becomes possible after the invagination of the foregut, which

places the ventral wall of the endoderm in proximity to the

developing heart (located rostrally at this stage of development).

This cardio-hepatic interaction is necessary for hepatic differen-

tiation, though not sufficient. Additional grafting experiments

have revealed a second stage of hepatic induction (20-22 somite

stage; approximately E9.5 in the mouse), which is also required

for the differentiation of hepatic tissue and involves the septum

transversum mesenchyme (STM, the cranial mesenchyme that

gives rise to parts of the thoracic diaphragm and the ventral

mesentery of the foregut) (Le Douarin 1975, 1968). This

second inductive stimulus can be provided not only by STM, but

by any lateral plate mesenchyme. Lateral plate mesenchyme

gives rise to the circulatory system, viscera, heart, and body wall.

However, nonlateral plate mesenchyme cannot provide these

inductive signals (Le Douarin 1975). Later studies identified

bone morphogenetic protein 4 (BMP4) as the factor from the

STM responsible for conversion of hepatoblasts in the ventral

endoderm to hepatocytes. In fact, mice lacking BMP4 fail to

develop a liver bud (Rossi et al. 2001).

Using reverse-transcription polymerase chain reaction tech-

niques, the key inductive events controlling liver development

have been demonstrated using a mouse model system (Gualdi

et al. 1996). These studies confirmed that ventral endoderm was

FIGURE 1.—Cell lineage allocation during hepatobiliary development. Schematic representation of the steps involved in endoderm specification to

gallbladder and hepatic fates. The liver bud is derived from the caudal foregut endoderm. The liver bud is composed of a cranial and caudal lobe

(though these are not distinguishable histologically). The cranial lobe gives rise to hepatoblasts, which subsequently differentiate into either hepa-

tocytes or biliary epithelial cells. Biliary epithelial cells can become part of either the extra- or intrahepatic biliary systems. The caudal lobe gives

rise to the gallbladder as well as to some biliary epithelial cells.
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FIGURE 2.—Development of venous drainage within the liver. Prior to development of the septum transversum and liver, the vitelline veins drain

the primitive gut. The umbilical veins carry oxygenated blood from the placenta and run on the lateral sides of the vitelline veins (A). Later in

development, the liver bud can be seen developing at the foregut-midgut junction (B). As the liver grows, changes to the vascular system occur.

The vitelline veins enter and ramify within the septum transversum, forming the hepatic sinusoids. The two umbilical veins give rise to both an

intra- and extrahepatic branch (C). The extrahepatic branches of the umbilical vein regress, along with extrahepatic portion of the left vitelline

vein (D). The right intra-hepatic vitelline vein becomes the portal vein, which aids in venous drainage of the gut. The umbilical vein from the left

side forms a wide channel known as the ductus venosus, which allows oxygenated blood from the placenta to bypass the liver and move directly

into the right atrium through a posthepatic portion of the developing caudal vena cava (E). Adapted with permission from Kaufman and Bard
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required to be in close contact with pre-cardiac mesoderm.

Gualdi et al. (1996) detected albumin mRNA expression in the

ventral foregut at a stage immediately following initial liver

induction (7-8 somites or approximately E8.0). This established

albumin mRNA as an early marker for hepatic specification.

Consistent with Le Douarin’s findings, endoderm without expo-

sure to cardiogenic mesoderm did not express albumin mRNA,

whereas endoderm that had come in close contact with cardio-

genic mesoderm did express albumin mRNA. In additional stud-

ies, Jung et al. found that fibroblast growth factors 1 and 2 (FGF1

or FGF2) can substitute for the cardiac signal, inducing hepatic

gene expression in mouse ventral foregut endoderm (Jung et al.

1999). These studies suggest that FGFs are the signal being

received from the pre-cardiac mesoderm. Furthermore, FGF

antagonists blocked albumin mRNA expression in ventral endo-

derm cocultured with cardiac mesoderm, indicating that FGF

induces albumin mRNA expression (Jung et al. 1999). In addi-

tion to FGF1, FGF2, and BMP4, molecules in the Wnt cell sig-

naling pathway and several transcription factors (Hex, Gata6,

and Prox1) have also been shown to be important for hepatogen-

esis (Keng et al. 2000; Martinez Barbera et al. 2000; Sosa-

Pineda, Wigle, and Oliver 2000; Zhao et al. 2005).

In addition to growth factor and transcription factor interac-

tions, interaction of the endodermal cells of the hepatic bud

with endothelial cells is also critical for proper liver develop-

ment. When liver development begins and hepatic cords invade

the septum transversum, the liver bud endoderm intersperses

with the endothelial cells of simple continuous vessels. As

hepatic development proceeds, the architecture of the vessels

changes, becoming fenestrated and forming a sheet that lines

the hepatic sinusoids (Duncan 2003). Because of this close

association with hepatoblasts and endothelial cells throughout

liver development, a role for endothelial cells in hepatic devel-

opment was investigated (Matsumoto et al. 2001). Matsumoto

and colleagues (2001) utilized a knockout model (Flk-1 -/-

mice) in which the engineered ablation of Flk-1, the receptor

for vascular endothelial growth factor (VEGF), prevented the

formation of mature endothelial cells and blood vessels

(Shalaby et al. 1997, 1995). In normal animals, an endothelial

marker (PECAM ) can detect the presence of endothelial cells

lying between the developing liver bud and the septum

transversum. However, in the Flk-1 knockout animals, these

endothelial cells are not present. Analysis of the Flk-1 -/- ani-

mals showed that in the absence of endothelial cells, liver

organogenesis failed shortly after hepatic specification, as there

was no expansion of the bud or invasion of the hepatoblasts into

the surrounding septum transversum (Matsumoto et al. 2001).

Since the Flk-1 receptor is expressed in endothelial cells but not

in the developing liver endoderm or septum transversum, this

study demonstrates that the hepatoblast-endothelial cell

interaction is critical for hepatogenesis to proceed normally

(Matsumoto et al. 2001).

Overview of Embryonic Liver Venous Drainage

Early in development, the venous drainage of the embryo con-

sists of three paired veins: (1) the umbilical veins from the chor-

ion that carry oxygenated blood from the placenta to the embryo;

(2) the vitelline veins from the yolk sac that drain the gastrointest-

inal tract and its derivatives; and (3) the cardinal veins from the

body of the embryo which drain the head, neck, and body wall

of the embryo (Figure 2A). All of these veins initially open to the

right and left horns of the sinus venosus of the heart (Figure 2A).

Further development of the hepatic venous system is a result of

changes occurring to these three venous systems. Prior to E9.0-

E9.5, before the development of the septum transversum and liver

at the foregut-midgut junction, the primitive gut is primarily

drained by the vitelline veins (Kaufman 1999; Figure 2A). As

early as E8.5-E9.0, right and left vitelline plexuses develop in the

septum transversum and connect to the vitelline veins (Figure

2B). The vessels of the plexuses then become surrounded by the

growing liver cords and contribute to the formation of the hepatic

sinusoids (Figure 2C). At this same age, the left umbilical vein

drains the left side of the liver and, with the growth of the liver,

will become the ductus venosus (Figure 2D).

At E11.5, significant changes occur in the vascular system,

primarily due to developmental events related to the liver. The

two vitelline veins enter and branch within the septum transver-

sum, forming hepatic sinusoids (Figure 2C). The two umbilical

veins each give rise to intra- and extrahepatic branches (Figure

2C). The extrahepatic branch is subsequently lost (Figure 2D).

The right vitelline vein (which will become the portal vein) grows

in diameter, and the cranial portion of the vein (between the liver

and the heart) becomes the primitive caudal vena cava (Kaufman

and Bard 1999; Figure 2E). The only retained branch from the

umbilical system is from the left side (Figure 2E). The left umbi-

lical vein loses its original connection with the left sinus horn of

the heart and forms the ductus venosus (Figure 2E). The ductus

venosus drains into the caudal vena cava and then into the right

atrium (Kaufman 1999). Blood flow into the ductus venosus

allows oxygenated blood from the placenta to bypass the liver and

move directly into the right atrium through a posthepatic portion

of the developing caudal vena cava (Kaufman 1999). Shortly after

birth, the ductus venosus constricts, eliminating this venous shunt

through the liver. It subsequently forms a fibrous cord called the

ligamentum venosum (Kaufman 1999).

Overview of Embryonic Liver Hematopoiesis

In the mouse, primitive hematopoiesis (the first phase of

blood cell production) begins approximately 7.0 days after

FIGURE 2—(continued) (1999, 148, Figure 4.4.9), copyright Elsevier (1999); and from Langman and Sandler (2006, 248, Figures 11.41 and

11.42), copyright Lippincott Williams & Wilkins (2006). CCV ¼ common cardinal vein; DUOD ¼ duodenum; DV ¼ ductus venosus;

LUV ¼ left umbilical vein; LVV ¼ left vitelline vein; PHCVC ¼ posthepatic caudal vena cava; PV ¼ portal vein; REHB ¼ right

extrahepatic branch; RIHB ¼ right intrahepatic branch; RUV ¼ right umbilical vein; RVV ¼ right vitelline vein; STM ¼ septum transversum

mesenchyme; SV ¼ sinus venosus.
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conception within blood islands, which are located in the

visceral yolk sac (Zon 2001). These primitive hematopoietic

cells enter the bloodstream, and continue to mature while in

circulation (Zon 2001). Around E10.5 to E11.5, although per-

haps as early as E9.0 (Everds 2007) to E10.0 (Naito, Takahashi,

and Nishikawa 1990), definitive hematopoiesis (the second

phase of blood cell production) is launched when progenitor

cells from the aorta-mesonephros-gonad region leave the

bloodstream and enter multiple secondary sites to occupy

niches suitable for the expansion of hematopoietic stem cells.

The main sites, depending on cell lineage, are the liver, thy-

mus, and spleen; the liver is thought to be the first location

to be colonized, apparently because it shares many molecular

and functional similarities with yolk sac (Meehan et al. 1984;

Palis and Kingsley 1995), and it serves as one source for

hematopoietic stem cells that eventually reach the thymus

and spleen. At E11.5, the liver then takes over as the major

source of hematopoietic cells during gestation (Sasaki and

Matsumura 1986). It is generally believed that the liver does

not generate hematopoietic cells de novo but that the liver is

colonized by hematopoietic stem cells, which expand and

mature within the developing liver (Zon 2001). Recent stud-

ies have shown that the fetal liver provides a developmental

niche for the maturation and enucleation of primitive ery-

throid cells (Isern et al. 2008). When primitive erythroid cells

migrate to the fetal liver, they have a dramatic up-regulation

of adhesion molecules that allows them to bind to fetal liver

macrophages (Isern et al. 2008). Though they are not always

visible with H&E staining, scanning electron microscopy

studies have shown that macrophages have extensions that

surround the erythroblasts, allowing them to function as

nurse cells during erythropoiesis and to engulf the expelled

erythrocytic nuclei (Chasis 2006; Isern et al. 2008). The abil-

ity of the primitive erythroid cells to bind macrophages is

maximal at the time when their enucleation takes place, after

which the ability to bind macrophages is lost (Isern et al.

2008).

Hematopoiesis in the mouse liver has been divided into four

discrete stages (Sasaki and Sonoda 2000). Stage I describes the

very early onset of hematopoiesis, which occurs at E10.5. The

expansion in volume of hematopoietic cells occurring between

E11.0 and E12.0 is described as stage II. It is between stages

I and II that hematopoietic stem cells appear to move from the

sinusoidal lumens, through the sinusoidal endothelium, forming

colonies among hepatoblasts within primitive hepatic cell cords.

Stage III represents the peak volume of the hematopoietic com-

partment of the liver, which occurs between E13.0 and E14.0 in

the mouse. At stage III, the hematopoietic colonies form the

structural units of ellipsoidal foci with central macrophages sur-

rounded by a ring of erythroblastic cells, eventually forming

cords (Sasaki et al. 1993). E15.0 represents the onset of stage

IV when the cord-shaped hematopoietic foci become disrupted

and round, solitary foci of hematopoietic cells form within the

hepatic cell cords. It is during stage IV that the size of the hema-

topoietic compartment declines and hepatocytes return to being

in close contact with one another, though hematopoiesis in the

liver continues until about one week into postnatal life.

The first hematopoietic stem cells to enter the liver are plur-

ipotent and can form any hematopoietic cell. Their first step in

intrahepatic maturation is to commit to a more limited range of

lineage options, typically as either an erythromyeloid precursor

or a common myelolymphoid progenitor (Kawamoto, Ohmura,

Hattori, et al. 1997; Lacaud, Carlsson, and Keller 1998; Lu

et al. 2002). Liver-derived myelolymphoid progenitors subse-

quently develop into bipotent cells (B lymphocyte and mye-

loid, or T lymphocyte and myeloid) before committing to

produce a single cell lineage (Kawamoto, Ohmura, Katsura

1997). Some T lymphocyte progenitors have a bipotent com-

mitment to the NK cell lineage as well (Douagi et al. 2002).

The T lymphocyte precursors destined for transfer to the thy-

mus are produced even in athymic mice (Kawamoto et al.

1999; Kawamoto, Ohmura, Hattori, et al. 1997), indicating that

the fetal liver may play a role in promoting early T lymphocyte

differentiation prior to releasing any precursor cells to the thy-

mus and bone marrow (Watanabe, Aiba, and Katsura 1997).

Erythropoiesis predominates within the developing liver,

though cells of the granulocyte and lymphoid lineages can also

be identified. Beyond E11.5, erythroid cells become increas-

ingly more differentiated. However, the progression of cells

through the erythroid series is not obvious within H&E-stained

tissues. The different stages of erythrocyte maturation in the

developing liver have been described using transmission elec-

tron microscopy (Rifkind, Chui, and Epler 1969). Changes in

the lymphoid cell population also occur as gestation proceeds.

T lymphocytes are the primary lymphoid cell progenitor pres-

ent at E12.5 and then decline in number as development pro-

ceeds. By E14.5, the lymphoid population in the liver has

switched and now primarily consists of B lymphocyte progeni-

tors. However, the distinctions between lymphoid progenitors

are also not obvious with H&E-stained tissues and have primar-

ily been characterized using fetal liver cells cultured in the

presence of a cytokine cocktail that supports the growth of

B cells, or by using flow cytometry on labeled fetal liver cells

(Gunji et al. 1991; Kawamoto et al. 2000). The granulocyte

population within the liver changes throughout development

as well. Granulocyte progenitors can be found in low numbers

scattered throughout the liver parenchyma between E12.5 and

E15.5. Beginning at E16.5, in addition to being scattered

throughout the liver, granulocyte progenitors can be found

clustered in small foci throughout of the liver. These foci get

larger as development proceeds.

Late in development, the sites of hematopoiesis shifts from

the liver to the thymus (about E13, for T lymphocytes only);

spleen (approximately E15 to E15.5, for erythroid and myelo-

lymphoid precursors); and finally bone marrow (E16.0) (Rugh

1990; Speck, Peeters, and Dzierzak 2002), which is the defini-

tive site where hematopoietic stem cells and progenitors of the

adult hematopoietic system reside (Kikuchi and Kondo 2006;

Rifkind, Chui, and Epler 1969). The hematopoietic stem cells

seeding the bone marrow come from secondary sites like the
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liver and spleen as the aorta-mesonephros-gonad has regressed

by this stage of development.

MATERIALS AND METHODS

Animals: CD-11 IGS mice/Crl:CD1(ICR) timed pregnant

dams (Charles River Laboratories, Raleigh, NC, USA) were

used. All animal procedures used in this study were approved

by the National Institute of Environmental Health Sciences

Animal Care and Use Committee.

Staging: The morning on which the vaginal plug was found

was designated as E0.5 (in the literature also described as

0.5 days postconception [dpc]). Since considerable variation

occurs in the timing of ovulation and conception and in the

developmental status of individual embryos and fetuses, even

within the same litter, special care was taken to match both the

external and internal features of each embryo/fetus to the

known developmental landmarks (Kaufman 1999). Corre-

sponding Theiler stages (TS), another staging system widely

used for mouse embryos/fetuses (Theiler 1972, 1989), are also

presented.

Collection of the Conceptuses: Collection was carried out on

the mornings of the designated days (E9.5 to E18.5). Pregnant

mice were euthanized by carbon dioxide. Individual embryos

were isolated under the dissection microscope from the uterus

and extra-embryonic membranes while immersed in cold 0.1M

phosphate buffered saline, and then transferred to Bouin’s solu-

tion (Poly Scientific, Bay Shore, IL, USA) or 10% neutral buf-

fered formalin for fixation.

Fixation: Embryos were fixed in Bouin’s or 10% neutral buf-

fered formalin. Tissue fixed in 10% formalin was used for

immunohistochemistry. Fixation time was dependent upon the

gestational age: E9.5 to E11.5-2 hr, E12.5 to E16.5-4 hr, and

E17.5 to E18.5-72 hr. Following fixation with Bouin’s solu-

tion, embryos were rinsed in 70% ethanol saturated with

lithium carbonate (Sigma-Aldrich, St. Louis, MO, USA) for

three 30-min washes, and then processed for paraffin embed-

ding. Embryos younger than E13.5 were embedded in 1% agar

before submission to minimize handling while orienting for

paraffin embedding. For each time point, embryos were

embedded on their backs, sides, or heads for sectioning in the

respective frontal (coronal), sagittal (longitudinal), or trans-

verse (horizontal) plane. Serial 6-mm-thick sections through the

entire embryo were placed on charged slides (A. Daigger &

Company, Vernon Hills, IL, USA) and routinely stained with

H&E for histopathologic review.

Scanning: Digital images were prepared from H&E-stained

slides scanned on the Aperio ScanScope XT2 instrument

(Vista, CA, USA) using ImageScope2 software (v9.0, Aperio).

If a digitally scanned image required rotation, the selected

region of interest was captured using the extraction feature in

Image-Scope2. White balance correction and image resizing

were completed using Adobe Photoshop CS4 Extended (Adobe

Systems Incorporated, San Jose, CA, USA). Image resolution

was set at 300 dpi to fit the publisher’s requirements.

Immunohistochemistry: Indirect immunohistochemical stain-

ing was performed on formalin-fixed, paraffin-embedded

embryos using the avidin-biotin peroxidase technique. The tis-

sues were deparaffinized in xylene and rehydrated through a

graded series of ethanol. Endogenous peroxidase was blocked

by immersing slides in 3% H2O2 for 15 min. A summary of the

immunohistochemistry protocols is provided in Table 5.

Detailed protocols are provided on the NIEHS Immunohisto-

chemistry Web site (http://www.niehs.nih.gov/research/atniehs/

labs/lep/path-support/immuno/protocols.cfm).

TABLE 5.—Immunohistochemical stain summary.

Cell Macrophage Biliary epithelium B-lymphocyte Granulocyte

Antibody F4/80 CK19 Pax5 Myeloperoxidase

Cell type marker Macrophage Biliary epithelium B cells Myeloid cells

Primary antibody Rabbit anti-F4/80 (BM8)a Rabbit anti-CK19d Goat Polyclonal Pax-5 (C-20)a Rabbit Polyclonal anti-Human

Myeloperoxidaseg

Dilution (1:25) (1:300) (1:100) (1:300)

Negative control Purified Mouse IgG2a Isotypeb Normal rabbit serume Normal goat serume Normal rabbit serume

Secondary antibody Biotinylated rabbit anti-rat IgG

(HþL)c

Vector Standard Elite

ABC Kitc
Biotinylated horse anti-goatc Vector Standard Elite ABC Kitc

Label Vector Standard Elite ABC Kitc Vector Standard Elite

ABC Kitc
Peroxidase-conjugated

streptavidin SS Labelf
Vector Standard Elite ABC Kitc

a Santa Cruz Biotechnology, Santa Cruz, CA.
b BD Biosciences, San Jose, CA.
c Vector Laboratories, Burlingame, CA.
d Cell Marque Corporation, Rocklin, CA.
e Jackson Immunresearch, West Grove, PA.
f Biogenex Laboratories, San Ramon, CA.
g Dakocytomation Corporation, Carpinteria, CA.
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RESULTS

Early Hepatic Development (E9.5-E10.5)

By embryonic day 8.0, the ventral wall of the foregut is

positioned adjacent to the developing heart, from which it

receives various cell signals to induce the development of

hepatic tissue. Histologically, liver development begins around

E9.0-E9.5 as a diverticulum of proliferating endodermal cells

arising from the ventral surface of the foregut (Duncan

2003). At the same time, the vitelline veins (omphalomesen-

teric vessels) are forming a venous plexus within the septum

transversum (Kaufman and Bard 1999). The outgrowth of the

liver is tightly regulated by endodermal-mesenchymal interac-

tions between the budding ventral endoderm and the cardio-

genic and septum transversum mesenchymes (Margagliotti

et al. 2007), as described above.

Hepatoblasts derived from the endoderm (liver ‘‘bud’’ or

‘‘diverticulum’’) intermingle with loose mesenchymal cells of

the septum transversum and endothelial cells to form hepato-

cellular cords (Figures 3A and 3B). The interaction of these cell

types triggers proliferation and outgrowth of the hepatic bud.

As development continues (E9.5-E10.0), the liver bud sepa-

rates into cranial and caudal lobes (Shiojiri 1997), though the

boundary between these is not histologically obvious in the

mouse (Clotman et al. 2002). It is believed that the cranial lobe

gives rise primarily to the liver parenchyma and intrahepatic bile

ducts, as well as contributing to the extrahepatic bile ducts,

whereas the caudal lobe gives rise to the extrahepatic biliary sys-

tem (gallbladder and extrahepatic bile ducts; Figure 1). How-

ever, this distinction is not completely clear since lineage

tracing studies have not been performed for the hepatic bud

(Shiojiri 1997).

During the initial stages of development, the liver bud is

separated from the STM by a basement membrane (Duncan

2003). At E9.0 the hepatic diverticulum is characterized by a solid

sheet of epithelial cells (Figure 3A and 3B). By E10.0-E10.5

these epithelial sheets have undergone extensive elongation and

branching to form the hepatic cords (Suzuki et al. 2006) (Figure

3C). The basement membrane is disrupted by the invasion of the

hepatic cords delaminating from the foregut and moving into the

STM beginning around E10.0-E10.5 (Le Douarin 1975; Medlock

and Haar 1983; Figure 3D). The STM contributes fibroblasts and

stellate cells (also called pericytes or Ito cells) to the liver.

Although no lineage-tracing studies have been performed, hepa-

toblasts are believed to give rise to both cell types that compose

the main functional elements of the mature liver: hepatocytes and

biliary epithelial cells (Duncan 2003). As the hepatoblasts

migrate into the STM and form hepatic cords, they are closely

associated with endothelial cells that are a part of the existing

venous plexus formed by the vitelline veins. These endothelial

cells form capillary-like sinusoids between the invading hepatic

cords (Duncan 2003; Enzan et al. 1997; Medlock and Haar

1983). These sinusoids can be seen throughout the liver at this

early stage of development (Figure 3C and 3D) and comprise a

much larger volume of the liver than they will at later develop-

mental stages. At E10.5 the hepatoblasts within the hepatic cords

contain large numbers of clear cytoplasmic vacuoles; the nature

of these vacuoles has not yet been determined (Figure 3E)

(Rifkind, Chui, and Epler 1969).

At E10.5, three roughly concentric zones of divergent cellu-

lar morphology have been described for the liver and surround-

ing mesenchyme. These three zones include (1) the outermost

zone of residual mesenchyme of the septum transversum adja-

cent to the cranial aspect of the liver, (2) a region of hepatic

peripheral endodermal epithelial tissue at the margins of both

the cranial and caudal lobes, and (3) a central ‘‘hepatic’’ zone

containing the most advanced stages of hepatocellular differen-

tiation (Rifkind, Chui, and Epler 1969). Moving from the out-

ermost zone of residual mesenchyme inward, these zones

correspond to progressively more developed stages in the mor-

phogenesis of the definitive (‘‘adult’’) hepatic architecture

(Rifkind, Chui, and Epler 1969).

Abnormal Development

A block in liver development can occur at the earliest stages

of hepatogenesis. The molecular mechanisms responsible for

the delamination and migration of the hepatic cords into the

STM are not clearly defined. However, inactivation of several

different factors by engineered mutations in certain Hox genes

(Martinez Barbera et al. 2000; Sosa-Pineda, Wigle, and Oliver

2000) and GTPases (Suzuki et al. 2006) has led to a halt in liver

development prior to E10.5, thereby preventing the expansion

of the initial liver diverticulum and inhibiting delamination of

hepatoblasts from the foregut endoderm into the STM (Zhao

and Duncan 2005). In some of these models, the hepatic cords

fail to form, and liver precursor cells remain abnormally clus-

tered at the edges of the hepatic diverticulum (Sosa-Pineda,

Wigle, and Oliver 2000; Suzuki et al. 2006). In all of these

models, the initial step of specification of the foregut endoderm

to become liver occurs normally, but migration of the liver

diverticulum into the STM fails, resulting in no discernable

liver formation or the generation of aberrant liver lobes devoid

of hepatoblasts. These studies suggest that migration of hepato-

blasts into the STM provides important developmental cues

required for normal hepatic outgrowth and architecture (Zhao

and Duncan 2005).

Hepatic Development in Mid- to Late Gestation

(E11.5-E18.5)

E11.5 (TS19)

The size of the liver expands considerably between E10.5

and E11.5 and soon occupies a substantial portion of the cranial

half of the abdominal cavity (Figures 4A-4C) (Kaufman and

Bard 1999).

The enlargement that occurs at this stage of liver develop-

ment is chiefly due to rapid proliferation of hepatoblasts and

a substantial increase in intrahepatic hematopoietic activity

(Figure 4D). As a result, the mitotic index of the liver is high

with greater than ten mitotic figures per high power field

(Figure 4E). By approximately E11.5 to E12.5 (Rugh 1990),
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FIGURE 3.—Representative images of E9.5 and E10.5 embryonic mouse liver. Low-magnification H&E-stained frontal sections at E9.5 (A, B) and

E10.5 (C, D). High magnification at E10.5 (E). Histologically, liver development begins around E9.5 as a diverticulum of proliferating endoder-

mal cells arising from the ventral surface of the caudal foregut (A, B, arrow). By E10.5 (C, D), the epithelial sheets of the liver bud have undergone

elongation and branching to form hepatic cords (arrows) separated by blood-filled sinusoids (asterisks). The hepatic cords delaminate from the

foregut and move into the septum transversum mesenchyme at this stage. At high magnification, clear vacuoles can be seen within the hepatoblast

cytoplasm and nucleated red blood cells can be seen within the sinusoids (E). CC¼ coelomic cavity; F¼ foregut; HP¼ hepatic primordium; LDA¼
left dorsal aorta; MG ¼ midgut; NT ¼ neural tube; RDA ¼ right dorsal aorta; STM ¼ septum transversum mesenchyme.
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FIGURE 4.—Representative images of the E11.5 embryonic mouse liver. H&E-stained frontal (A), transverse (B), and sagittal (C) sections of liver

at low magnification. High-magnification H&E (D, E) and F4/80 IHC (F) sections. The size of the liver has expanded to occupy a substantial

portion of the cranial half of the abdominal cavity (A, B). This expansion is due to the rapid proliferation of hepatoblasts and hematopoietic

activity (C). High magnification illustrates that the liver is mostly composed of hepatic cords (D, arrows) and sinusoids (D, asterisk) at this stage

in development. The hepatic cords are composed of primarily largely undifferentiated hepatoblasts (E, white arrow). Significant expansion in size

and the onset of hematopoietic activity account for the high mitotic index in the liver at this stage (E, double arrows). All RBCs found within the

vessels are nucleated (E, arrowhead). Endothelial cells can be seen lining vascular spaces (E, black arrows). Macrophages can be easily identified

by IHC using the antibody F4/80 (F). AO¼ aorta; DUOD¼ duodenum; DV¼ ductus venosus; HRT¼ heart; LVP¼ liver parenchyma; PHCVC¼
post-hepatic caudal vena cava; STM ¼ septum transversum mesenchyme.
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the liver replaces the visceral yolk sac as the main source of

hematopoietic cells in the developing conceptus (Sasaki and

Matsumura 1986).

At E11.5, the liver primarily consists of hepatic cords (com-

posed of hepatoblasts) and endothelial-lined liver sinusoids.

Hepatic cords are present in layers with a typical thickness of

2 to 5 cells (Figure 4D). The cords contain undifferentiated

hepatoblasts characterized by large, basophilic nuclei and mul-

tiple nucleoli (Figure 4E); these cells are very tightly packed,

making it difficult to appreciate individual cell shape. There

is a high degree of variation in the size and shape of hepatoblast

nuclei at this stage as well. The large, numerous sinusoids are

lined with flattened endothelial cells (Figure 4E). While the

sinusoids are wide at this stage, they will eventually become

narrow as the relative amount of liver parenchyma

(hepatoblast-laden hepatic cords) increases.

Most hematopoietic cells present at this middle stage of

development are nucleated cells of the erythroid lineage

(Figure 4E) (Sasaki and Matsumura 1986). Previous studies

have quantified the intrahepatic hematopoietic compartment

at E11.0 to be 34% of the liver volume (Sasaki and Sonoda

2000). Nearly 80% of these erythroid precursors are very

immature (proerythroblasts; Marks and Rifkind 1972). That

said, the primitive hepatic cords contain immature erythropoie-

tic cells, mostly nucleated red blood cells (RBCs), scattered

among the hepatoblasts (Sasaki and Matsumura 1986; Figure

4E). Nucleated RBCs and occasional macrophages can be

observed within the sinusoids at this developmental stage

(Sasaki and Iwatsuki 1997; Naito, Hasegawa, and Takahashi

1997). Since macrophages are difficult to identify using H&E

staining, their identification is best accomplished using F4/80

immunohistochemistry (Figure 4F). These macrophages are

important for breakdown of RBC nuclei later in the hemato-

poietic process. Granulocyte progenitors are rarely seen in the

liver at E11.5 (data not shown).

At E11.5 significant changes occur in the intra- and

perihepatic vascular system, as a result of continued liver devel-

opment. The two vitelline veins enter and branch within the sep-

tum transversum, forming hepatic sinusoids. At this stage the

left umbilical vein loses its original connection with the left

sinus horn of the heart and evolves to form the ductus venosus

(Figure 4A). The ductus venosus drains into the caudal vena

cava and then into the right atrium (Kaufman 1999). Both the

ductus venosus and the caudal vena cava can be observed at

E11.5 in all planes of section, though not always together within

the same histologic section (Figures 4B and 4C). Frontal sec-

tions are ideal for identifying these vessels at E11.5; however,

transverse and sagittal views are included for reference in situa-

tions where frontal sections are not available. Sagittal sections

(at all developmental stages) generally best illustrate the post-

hepatic caudal vena cava entering the liver (Figure 4C).

E12.5 (TS21)

By E12.5, the liver occupies an even more substantial por-

tion of the abdominal cavity. The liver sits just caudal to the

diaphragm and forms a triangular or U-shaped covering over

portions of the stomach, duodenum, and pancreas (Figures 5A

and 5B). Because of the size, shape, and lobation of the liver,

transverse and frontal sections at different levels (cranially vs.

caudally in the transverse plane and dorsally vs. ventrally in the

frontal plane) will include different portions of these visceral

organs as well as various intrahepatic vessels. For example,

this is demonstrated by comparing Figures 5B through 5D,

which were taken at different levels transversely through

the liver at E12.5. Figure 5C was taken fairly cranially through the

liver, at a point where the liver is not yet covering any visceral

organs. Figure 5D shows an area where the liver is covering por-

tions of the small intestine but does not yet envelop stomach or

pancreas. Figure 5B is the most caudal of the three sections

and includes a portion of the stomach, small intestine,

and pancreas. This comparison illustrates the importance of

evaluating a subset of serial sections (i.e., step sections) through

the liver when phenotyping embryonic development of this organ.

At E12.5, the venous sinusoids appear less numerous due to

the increase in functional hepatic parenchyma (Kaufman

1999). As this occurs, the liver appears much more cellular than

it did at E11.5. Between E12.0-E14.0, stellate (Ito) cells are

located in the perisinusoidal space (Enzan et al. 1997). These

fat-storing cells are not visible by routine H&E histology but

have been characterized using electron microscopy (Enzan

et al. 1997). The cytoplasmic processes of the Ito cells extend

laterally and appear to play a role in reinforcing the endothelial

lining (Enzan et al. 1997). The peripheral boundaries of the

liver are now more well defined, and its subdivision into defi-

nitive lobes has begun (Figure 5A) (Kaufman and Bard 1999).

The lobes are divided by fissures known as interlobar spaces

(Figure 5A). The right half of the liver is slightly greater in vol-

ume than the left half of the liver. The stomach serves as a help-

ful landmark in histologic sections to distinguish the right and

left liver lobes on frontal and transverse sections, as it is located

on the left side of the embryo below the left lobe of the liver

(Figures 5A and 5B). At E12.5, the post-hepatic caudal vena

cava can be seen as it exits the liver (Figure 5C). The ductus

venosus can still be observed draining into the post-hepatic

caudal vena cava (Figures 5C and 5D). The right vitelline vein

has now become the portal vein, which contributes to the

venous drainage of the gut (Kaufman and Bard 1999). The por-

tal vein can be observed at E12.5, between the developing liver

and pancreas (Figure 5B).

Erythropoietic cells have increased in number and show a

greater degree of variation in cell maturation than during the

previous stage (Figure 5E) (Sasaki and Sonoda 2000). Previous

work suggests that at E12.0 the hematopoietic compartment of

the liver accounts for approximately 68% of the hepatic mass

(Sasaki and Sonoda 2000). The majority of the hematopoietic

cell population at this developmental stage is erythroid lineage

and can be identified by the intense, hyperchromatic nuclei; in

contrast, hepatoblasts have a larger, pale staining nucleus, with

two to three distinct nucleoli (Figure 5E) (Asano, Kobayashi,

and Hoshino 1987). Beyond E11.0, erythroid cells become

increasingly more differentiated (Cole and Paul 1966; Marks
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FIGURE 5.—Representative images of the E12.5 embryonic mouse liver. H&E-stained frontal (A) and transverse (B, C, D) sections of liver at low

magnification. High-magnification H&E (E) and Pax5 IHC (F) sections. The density of the liver has increased and division of the liver into lobes

via fissures has begun, forming interlobular spaces (A–D). The venous sinusoids appear less numerous due to the increase in functional hepatic

parenchyma (A, asterisk). Hematopoietic activity has increased and erythroblasts (E, black arrow) now dominate the field. The majority of the

hematopoietic cell population at this developmental stage is of the erythroid lineage and can be identified by the intense, hyperchromatic nuclei. In

contrast, hepatoblasts have a larger, pale staining nucleus, with 2-3 distinct nucleoli (E, white arrow). RBCs found within the vessels are still all

nucleated at this stage (E, arrowhead). B-cell progenitors are scarce as identified by the Pax5 antibody (F, arrow). AO ¼ aorta; CBD ¼ common

bile duct; CdRL¼ caudal right lobe of liver; CrRL¼ cranial right lobe of liver; D¼ diaphragm; DUOD¼ duodenum; DV¼ ductus venosus; E¼
esophagus; HRT ¼ heart; ILS ¼ interlobar space; LL ¼ left lobe; LNG ¼ lung; LVP ¼ liver parenchyma; PHCVC ¼ posthepatic caudal vena

cava; PNCR ¼ pancreas; PV ¼ portal vein; S ¼ stomach; SI ¼ small intestine.
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and Rifkind 1972; Rifkind, Chui, and Epler 1969). At this stage

in development, granulocyte progenitors are rarely seen in the

liver. At E12.0, most intrahepatic lymphoid cells are T cell pro-

genitors; the frequency of this lineage decreases with the

embryonic age of the animal as lymphoid development is

shifted to the thymus (about E13) and spleen (about E15)

(Gunji et al. 1991; Kawamoto et al. 2000; D. Li et al. 2004;

Rugh 1990; Speck, Peeters, and Dzierzak 2002). Alternatively,

B cell progenitors are rare at E12.0 (Figure 5F) (D. Li et al.

2004).

Abnormal Development

One of the most common hepatic defects observed in geneti-

cally modified mice is hypocellularity beginning around E12.5-

E13.5. The primary mechanism typically represents an increase

in hepatoblast apoptosis resulting from disruption of intracellular

signal transduction required for cell differentiation and prolifera-

tion (Hilberg et al. 1993; Johnson et al. 1997; Z. Li et al. 1999;

Mikula et al. 2001; Nishina et al. 1999; Schmidt et al. 1995;

Stenvers et al. 2003). Histological examination (H&E) of the

remaining hepatoblasts in these animals reveals pyknotic, hyper-

chromatic, and fragmented nuclei. Apoptosis of hepatoblasts dur-

ing development has been observed in various patterns, including

apoptotic foci (Stenvers et al. 2003); more severe apoptosis on the

ventral liver surface (Schmidt et al. 1995); apoptosis beginning in

the distal, outermost portions of the hepatic lobes (Johnson et al.

1997); and apoptosis uniformly throughout (Z. Li et al. 1999).

One study illustrated an increase in hepatoblast apoptosis due to

an inactivating mutation in the gene encoding the mitogen-

activated protein kinase activator SEK1. This molecule is acti-

vated in response to developmental and environmental cues

including metabolic poisons, irradiation, anticancer drugs, and

cellular stress (Nishina et al. 1999). This response suggests that

environmental agents that influence stress-signaling kinases

could lead to apoptosis of hepatocytes and developmental defects

in the liver.

Increased apoptosis is just one mechanism by which hypocel-

lularity can occur in the developing liver. Hepatic hypocellular-

ity with a 75% decrease in hepatoblast number in the absence of

apoptosis has been attributed to a decrease in mitosis and

diminished proliferation of hepatoblasts (Krupczak-Hollis

et al. 2004). Histologically, this phenotype results in hepato-

cytes with enlarged, polypoid nuclei.

E13.5 (TS22)

The liver parenchyma has grown to occupy an even larger

portion of the abdominal cavity by E13.5 (Figures 6A and

6B). The remnant of the ventral hepatic mesentery (falciform

ligament), which connects the liver to the ventral body wall,

can be seen at E13.5 (Figure 6C). The falciform ligament can

be visualized on transverse section through the most cranial

portion of the liver beginning at E13.5 and throughout the

remainder of development. The division of the liver into dis-

tinct lobes begins to be more obvious at this stage. Fissures now

divide the liver more definitively into four main lobes: median,

right, left, and caudate lobes. The median lobe can be further

subdivided by a deep bifurcation into a right and left side. The

left lobe is not divided, but the right lobe is divided into right

cranial and right caudal lobes (Harada et al. 1999). The caudate

lobe projects on either side of the esophagus/stomach (Figure

6A). At E13.5, many interlobar spaces are forming as the divi-

sion of the liver into its individual lobes occurs (Figure 6A). It

is important that these not be mistaken for blood vessels or

sinusoids when they are incomplete. Division into lobes is best

observed on frontal views; however, not all liver lobes are visi-

ble in each section. The ductus venosus, posthepatic caudal

vena cava and portal vein can still be observed in sections

through the liver at this age (Figures 6A, 6B, 6D). At E13.5, the

liver achieves its final mature architecture but continues to

grow in size. Changes seen in the liver during the remainder

of in utero and postnatal development occur primarily at the

cellular level.

The hematopoietic compartment of the liver reaches nearly

75% of the total volume at E13.0 (Sasaki and Sonoda 2000;

Figure 6E). In terms of the lymphoid population, the number

of T cell progenitors have decreased while B cell progenitors

have increased (D. Li et al. 2004). During the peak stage of

hematopoiesis in the liver (E13.5), the hepatoblasts have lim-

ited contact area with each other due to the high density of

hematopoietic cells present (Figure 6E). Later in development,

as hematopoiesis declines (beginning around E15), the hepato-

blasts return to being in close contact with one another. While

the density of hepatoblasts at E13.5 is low, it is relatively higher

at the periphery of the liver than in the core (Figure 6F).

Hematopoietic cells dominate the field and are more numerous

in the core of the developing liver than the periphery. Between

E13.0-E14.0, erythroblastic islands can be found throughout the

liver (Figure 6F). An erythroblastic island is an anatomic unit

consisting of a macrophage surrounded by one or more con-

centric rings of maturing erythroblasts. As macrophages

within the liver are difficult to distinguish with H&E, these

islands are more easily observed using F4/80 immunohisto-

chemistry (Figure 6G). The function of the central macrophage

is to phagocytize extruded erythroblast nuclei at the conclusion

of terminal erythrocyte differentiation (Chasis 2006; Kawane

et al. 2001). Granulocyte progenitors can also be found in

low numbers scattered throughout the liver. Megakaryocytes,

which produce platelets, are found in increasingly high numbers

throughout the liver parenchyma at this age (Figure 6E).

Megakaryocytes can be easily identified using PAS staining

of liver sections at any age, as megakaryocytes are known to

store glycogen (Figure 6H) (Gibb and Stowell 1949).

Abnormal Development

During late hepatic organogenesis, the two main cell popu-

lations of the liver are the hepatoblasts and the erythroblasts.

Therefore, a severe reduction in the size and morphology of the

developing liver can reflect a defect in erythropoiesis in the

developing liver. A severe defect in liver erythropoiesis has

been demonstrated in mice that lack the genes encoding either
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FIGURE 6.—Representative images of the E13.5 embryonic mouse liver. H&E-stained frontal (A), transverse (B, C), and sagittal (D) sections of

liver at low magnification. High-magnification H&E (E, F), F4/80 IHC (G) and PAS (H) sections. At E13.5, the liver achieves its final embryonic

architecture, although it will continue to grow in size throughout the remainder of development (A–D). The falciform ligament can be seen on

transverse section through the most cranial portion of the liver beginning at E13.5 and throughout the remainder of development (C). After this

stage, changes seen in the developing liver occur primarily at the cellular level. This stage represents the peak in hematopoietic activity in the liver.

At high magnification, the field is dominated by hematopoietic cells (E, arrowhead). Hepatoblasts (E, white arrow) have little contact with each

other. The density of hepatoblasts is relatively higher at the periphery of the liver than in the core (F, arrows). Megakaryocytes (E, black arrows)

are found in high numbers at this stage of development. Erythroblastic islands are found throughout the liver (F, G, squares). The anatomic unit of
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erythropoietin (Epo -/-) or the erythropoietin receptor (EpoR -/-)

(Wu et al. 1995). Histological evaluation of livers from wild-

type animals compared to Epo -/- or EpoR -/- animals at

E13.0 showed an obvious absence of erythropoietic islands in

mutant animals compared to wild type animals (Wu et al.

1995). The wild-type livers at this stage had erythroid cells at all

stages of differentiation, whereas mutant livers only contained

large erythroblasts (Wu et al. 1995). Defects in liver erythropoi-

esis have been reported in many genetically altered animal mod-

els, many of which are annotated on the mammalian phenotype

browser under ‘‘Abnormal Hematopoietic System Morphology/

Development’’ (http://www.informatics.jax.org).

E14.5 (TS23)

Beyond E13.5, the architecture of the developing liver

remains the same while the organ continues to grow. Key venous

structures, such as the ductus venosus, caudal vena cava, and

portal vein can still be observed in sections (best in transverse

orientation) through the liver at this age (Figures 7A–7C).

Low-magnification images of the liver at E14.5 reveal a

similar architecture to that seen at E13.5. However, the majority

of the incomplete interlobar spaces seen at E13.5 have penetrated

completely through the liver lobes by E14.5 (Figure 7A).

Although essentially no gross structural changes occur after

E13.5, changes in the individual cell populations and

alterations in the organization of these cell populations are still

taking place.

E14.5 represents a new phase in liver development when

hepatocytes and biliary epithelial cells begin to differentiate

from bipotential hepatoblasts (Houssaint 1980; Le Douarin

1975). Hepatoblasts give rise to mature hepatocytes in the liver

parenchyma, whereas they differentiate into cholangiocytes in

the nascent periportal areas. At this stage, the main functional

focus of the developing liver begins to shift from hematopoiesis

to hepatic metabolism (Hata, Namae, and Nishina 2007).

Although this change is not observed with H&E staining, differ-

ent stages of hepatic maturation can be characterized by the

expression of stage-specific molecular markers (Hata, Namae,

and Nishina 2007). Alpha-fetoprotein is an established hepato-

blast marker whose expression in the liver begins at the onset of

liver outgrowth (E9.0) but decreases as liver development pro-

ceeds (Hata, Namae, and Nishina 2007; Shiojiri, Lemire, and

Fausto 1991). On the other hand, hepatocyte expression of albu-

min (the most abundant protein synthesized by mature hepato-

cytes) starts around E12.0 and increases until adulthood

(Tilghman and Belayew 1982). Comparing the distribution of

these two markers can be used to determine the maturation state

of hepatoblasts/hepatocytes and thus the entire liver if halted/

altered differentiation is suspected.

Most of the RBCs present within vessels of the liver at

E14.5 are still nucleated (Figure 7D). Many of the hematopoie-

tic foci at this developmental time point appear cord-shaped

(Figure 7D); the erythroblastic islands observed at E13.5 are

still present at E14.5, although they are increased in number

(Figure 7E) (Sasaki and Sonoda 2000). By E14.0, the propor-

tion of intrahepatic proerythroblasts is less than 5%, and there

is an increase in the proportion of orthochromic erythroblasts,

though this latter feature is not obvious on H&E-stained histo-

logical sections (Marks and Rifkind 1972). Granulocyte pro-

genitors are rare but can be found in low numbers scattered

throughout the liver parenchyma. Changes to the lymphoid

progenitor population are evident around E14.5 as well, as this

stage represents a predominant time point in B cell commit-

ment within the developing liver (Hardy et al. 2000). B cells

can be identified in low numbers scattered throughout the liver

parenchyma in Pax5-stained sections (Figure 7F). B cell

lymphopoiesis persists in the liver for nearly 2 weeks after birth

(Velardi and Cooper 1984).

FIGURE 6.—(continued) an island consists of a central F4/80-positive macrophage surrounded by one or more concentric rings of maturing

erythroblasts (G, arrow). PAS stain assists in the identification of megakaryocytes (H, arrows). CD ¼ cystic duct; CdRL ¼ caudal right lobe

of liver; CL ¼ caudate lobe of liver; CrRL ¼ cranial right lobe of liver; D ¼ diaphragm; DV ¼ ductus venosus; E ¼ esophagus; FL ¼ falciform

ligament; GB ¼ gallbladder; HRT ¼ heart; ILS ¼ interlobar space; K ¼ kidney; LL ¼ left lobe; LML ¼ left medial lobe; LNG ¼ lung; LVP ¼
liver parenchyma; PHCVC ¼ posthepatic caudal vena cava; PNCR ¼ pancreas; PV ¼ portal vein; RML ¼ right medial lobe; S ¼ stomach.
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FIGURE 7.—Representative images of the E14.5 embryonic mouse liver. H&E-stained frontal (A), transverse (B), and sagittal (C) sections of liver

at low magnification. High-magnification H&E (D), F4/80 IHC (E) and Pax5 IHC (F) sections. Low-magnification images of the liver at E14.5

reveal a similar architecture to that seen at E13.5 (A–C). Most of the RBCs present within vessels of the liver at E14.5 are still nucleated

(D, arrowhead). Many of the hematopoietic foci at this developmental time point appear cord-shaped (D, double arrows). At this stage, hepato-

blasts give rise to mature hepatocytes (D, white arrow); however, this change is not observed with H&E staining and would require stage-specific

molecular markers to characterize. The erythroblastic islands observed at E13.5 are still present at E14.5, but their numbers are increased and can

be evaluated with an F4/80 stain (E; compare panel A to B). IHC staining using the Pax5 antibody identifies a low number of B-cells scattered
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Abnormal Development

Metal-regulatory transcription factor 1 (MTF1) encodes a

transcription factor that induces expression of metallothioneins

and other genes involved in heavy metal homeostasis

(i.e., cadmium, zinc, copper, and silver). This transcription

factor accumulates in the nucleus upon heavy metal exposure

and binds to promoters containing a metal-responsive element.

Exposure to some heavy metals, such as chromium, has been

shown to modify MTF1 expression (Majumder et al. 2003).

Gene inactivation studies involving MTF1 resulted in animals

with liver degeneration, congested sinusoids, near-complete

destruction of the hepatic parenchyma, and swelling of the

remaining hepatocytes by E14.5 (Gunes et al. 1998). These

results suggest that in utero exposure to heavy metals could

lead to disrupted expression of MTF1 and hepatic defects sim-

ilar to those observed in this model.

Hypocellularity due to necrosis is not a common pathology

observed in the embryonic liver. However, focal hepatic necro-

sis has been reported in genetically altered mice at E14.5 and

E18.5. For example, inactivation of the transcription factor

Nrf1 and the tumor suppressor gene Von Hippel Lindau (VHL)

both lead to focal hepatic necrosis during this period of devel-

opment (Chen et al. 2003; Hong et al. 2006). In Nrf1 mutant

animals, this focal hepatic necrosis was found in combination

with areas of hepatocyte apoptosis (Chen et al. 2003). The

necrotic tissue in the Nrf1 mutants was also found adjacent

to apparently healthy hepatic tissue (Chen et al. 2003; Hong

et al. 2006).

E15.5 (TS24)

At E15.5, the low-magnification view of the liver is strik-

ingly similar to the 2 previous days (Figure 8A). However, due

to its expansion in size, the liver has now encroached onto the

underside of the central tendon of the diaphragm. In this area,

the liver is not covered by peritoneum and is referred to as the

‘‘bare area’’ of the liver (BALV; Kaufman 1999; Figure 8A and

8B). The falciform ligament is more clearly seen than at previ-

ous stages. It can now be observed in some sections with the

ductus venosus in its lower border (Figure 8B) (Kaufman

1999). The ductus venosus, caudal vena cava, and portal vein

can be observed in sections throughout the liver at E15.5

(Figures 8A, 8C, and 8D).

At this stage, cells with intense, hyperchromatic nuclei are

still predominant in the hematopoietic population of cells, as

erythroblasts continue to account for the majority of hemato-

poietic cells found in the hepatic cords (Figure 8E). It is still

difficult to detect granulocyte progenitors, though they are

scattered throughout the liver parenchyma in low numbers.

Within vessels, nucleated RBCs are still visible, though most

intravascular RBCs have now extruded their nuclei. There is

a great deal of anisocytosis within the red blood cell population

at this stage (Figures 8E and 8F). Megakaryocytes are still pres-

ent in high numbers (Figure 8E). It is important to keep in mind

that, as described for earlier stages, sections through different

areas of the liver at E15.5 will contain different structures, and

not all major structures will be present within each section

(compare Figures 8A–8D).

E16.5 (TS25)

At E16.5, low-magnification architecture of the liver does

not differ from the previous several days. Major structures such

as the ductus venosus, caudal vena cava, and portal vein can

still be observed in sections through the liver at this age

(Figures 9A, 9B, and 9C). The falciform ligament can be

identified in a similar location in cranial transverse sections

as in previous stages (Figure 9D). The central tendon of the

diaphragm remains in close contact with the liver in the region

of the bare area of the liver (Figure 9A). By this age the defi-

nitive arrangement of the liver lobes is achieved (Kaufman

1999). The deep fissures that divide the liver into lobes are now

complete (Figure 9A). After E15.0, hepatocyte volume and

individual hepatocyte size increase. By E16.5, there are some

areas within the liver where hepatocytes are beginning to have

greater contact with each other as the hematopoietic population

recedes (Figure 9E). This is especially obvious toward the per-

iphery of the liver (Figure 9F). Within vessels, some nucleated

RBCs can still be seen; however, a considerable fraction of the

intravascular RBCs have extruded their nuclei (Figure 9G).

There is an increase in the granulocyte progenitor population

that can be seen in small foci scattered throughout the liver par-

enchyma. As these granulocytes can be difficult to see with

standard H&E-stained slides, myeloperoxidase immunostain-

ing can be used to more easily visualize this population of cells

(Figure 9H). Megakaryocytes are still found in relatively high

numbers (Figure 9E).

E17.5 (TS26)

At E17.5, the low-magnification view of the fetal liver looks

nearly identical to previous stages. Major structures such as the

ductus venosus, caudal vena cava, and portal vein can still

be observed in sections through the liver at this age

(Figures 10A–10C). The falciform ligament is still visible as

well in cranial transverse sections (Figure 10D). However,

higher magnification reveals changes to the existing cell

populations.

At E17.5, erythropoietic activity is rapidly declining. Hema-

topoietic cells can still be found scattered individually among

hepatocytes; however, at this stage of hepatic development,

small, solitary hematopoietic foci are forming (Figure 10E).

The hematopoietic compartment has decreased to

FIGURE 7—(continued) throughout the liver (F, arrow). CBD ¼ common bile duct; CdRL ¼ caudal right lobe of liver; D ¼ diaphragm; DV ¼
ductus venosus; E¼ esophagus; HRT¼ heart; IHCVC¼ intrahepatic caudal vena cava; ILS¼ interlobar space; K¼ kidney; LL¼ left lobe; LML

¼ left medial lobe; LNG¼ lung; LVP¼ liver parenchyma; Ov¼ ovary; PHCVC¼ posthepatic caudal vena cava; PNCR¼ pancreas; PrHCVC¼
prehepatic caudal vena cava; PV ¼ portal vein; RML ¼ right medial lobe; S ¼ stomach; SI ¼ small intestine.
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FIGURE 8.—Representative images of the E15.5 fetal mouse liver. H&E-stained frontal (A), transverse (B, C), and sagittal (D) sections of liver at

low magnification. High-magnification H&E (E, F) sections. At low magnification, the liver is structurally similar to the two previous days (A–D).

Hematopoiesis within the liver begins to decline at this stage. Many of the nucleated red blood cells (E, arrowhead) once present have

now extruded their nuclei (E, asterisk), and erythrocyte size is highly variable (F). Megakaryocytes are still seen in high numbers at this stage

(E, double arrows). BALV ¼ bare area of the liver; CBD ¼ common bile duct; CdRL ¼ caudal right lobe of liver; CL ¼ caudate lobe of liver;

CrRL ¼ cranial right lobe of liver; D ¼ diaphragm; DV ¼ ductus venosus; E ¼ esophagus; FL ¼ falciform ligament; GB ¼ gallbladder; HRT ¼
heart; K ¼ kidney; LL ¼ left lobe; LML ¼ left medial lobe; LNG ¼ lung; LVP ¼ liver parenchyma; PHCVC ¼ prehepatic caudal vena cava;

PNCR ¼ pancreas; PV ¼ portal vein; RML ¼ right medial lobe; S ¼ stomach; SI ¼ small intestine; T ¼ testis.
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FIGURE 9.—Representative images of the E16.5 fetal mouse liver. H&E-stained frontal (A) transverse (B, D), and sagittal (C) sections of E16.5

liver at low magnification. High-magnification H&E (E–G) and myeloperoxidase IHC (H) sections. At this stage, low-magnification architecture

of the liver does not differ from the previous several days (A–D). Hematopoiesis in the liver continues to decline (E, black arrow), allowing hepa-

tocytes (E, white arrow) to gain increased contact with one another. Megakaryocytes are still seen in relatively high numbers at this stage (E,

double arrows). Hepatocytes are beginning to have greater contact with each other, and this is most obvious toward the periphery of the liver

(F, arrows). Within vessels, most of the RBCs have extruded their nuclei (G, arrow; E, asterisk, white arrowhead), although occasional nucleated

RBCs can be found (E, black arrowhead). IHC staining using the myeloperoxidase antibody demonstrates an increased number of granulocyte

progenitors scattered individually or as small foci throughout the liver (H). BALV ¼ bare area of the liver; CdRL ¼ caudal right lobe of liver;

CL ¼ caudate lobe of liver; CrRL ¼ cranial right lobe of liver; CVC ¼ caudal vena cava; D¼ diaphragm; DV ¼ ductus venosus; E¼ esophagus;
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approximately 30% of the liver (Sasaki and Sonoda 2000). The

hepatocytes continue to have increased contact with each other

since the size of the intrahepatic hematopoietic compartment

becomes smaller (Figure 10E). The hepatocytes at this age have

an increased abundance of cytoplasm and a significantly

reduced nuclear to cytoplasmic ratio. Hepatocytes are begin-

ning to organize and form mature hepatic cords, comparable

to those that make up the majority of the liver parenchyma in

the adult (Figure 10E). The hepatic sinusoids help to delineate

the reorganizing hepatic cords, although they can be difficult to

appreciate in some areas because the liver parenchyma appears

looser and less organized than it did previously. This is likely

due to the presence of hepatocellular cytoplasmic glycogen

stores, which can be demonstrated with PAS staining at this age

(Figure 10F). Glycogen stored in the liver during late develop-

ment is critical for the maintenance of glucose homeostasis

during the first few days of postnatal life. The RBCs within

hepatic vessels at E17.5 are nearly all anucleate and of smaller

and more uniform size than previous ages (Figure 10G). The

number of granulocyte progenitors within the liver parenchyma

has increased. These cells can be found scattered throughout

the liver, clustered around central veins and also located around

the periphery of the liver (Figures 10H–10K). B lymphocytes

are also increased in number, scattered throughout the liver and

within perivascular hematopoietic aggregates (Figure 10L).

Megakaryocytes are still present, but in decreased numbers

(Figure 10E).

E18.5 (TS27)

At E18.5, the low-magnification view of the developing

liver looks nearly identical to what was seen at E17.5. Struc-

tures such as the ductus venosus, caudal vena cava, portal vein,

and falciform ligament can still be observed in sections through

the liver at E18.5 (Figures 11A–11D). Erythropoietic activity

continues to decline, as the principal hematopoietic sites have

shifted from the liver to the bone marrow, thymus, and spleen

(Kikuchi and Kondo 2006; Rifkind, Chui, and Epler 1969).

Hepatocytes gain increased contact with each other and continue

to form hepatic cords (Figure 11E). At this age of development,

the hematopoietic population has been reduced to small, solitary

hematopoietic foci. Due to the increased surface area between

hepatocytes, many of the hematopoietic cells move from inter-

hepatocytic spaces to periportal spaces late in gestation (Sonoda

et al. 2001). Granulocyte progenitors are still found in foci and

individually scattered throughout the parenchyma as well as in

concentrated foci around central veins and interlobar spaces

(Figure 11F). At this stage, the number of granulocyte progeni-

tors appears to have decreased over previous ages.

Hepatocytes in the liver exhibit polarity characterized by

structurally distinct apical and basolateral domains. Although

hepatocyte polarity is established very early in liver develop-

ment, it is difficult to recognize anatomically due to the abun-

dance of hematopoietic cells. The establishment of hepatocyte

cell polarity is crucial in generating a mature, functioning

organ (Feracci et al. 1987; Mishra et al. 1999; Parviz et al.

2003). The liver’s role in postnatal endocrine and exocrine pro-

cesses necessitate its complex cell polarity. The basal surface

of the hepatocyte faces the sinusoidal capillaries. The hepato-

cytes and sinusoidal epithelium are separated by the space of

Disse, where exchange occurs between extravasated serum and

hepatocytes (Parviz et al. 2003). This organization facilitates

the liver’s endocrine role in detoxification of blood and secre-

tion of serum proteins by allowing the hepatocyte to communi-

cate with the afferent blood supply. The exocrine function of

the liver involves the secretion of bile. At the hepatocyte’s api-

cal surface, bile is secreted into bile canaliculi that join with

intra- and extrahepatic bile ducts that transport the bile to the

gallbladder (Duncan 2003).

Abnormal Development

The architecture of hepatocytes is often disrupted in disease

states. Proper cell polarity and architecture is important for

FIGURE 9.—(continued) FL ¼ falciform ligament; GB ¼ gallbladder; ILS ¼ interlobar space; K ¼ kidney; LL ¼ left lobe; LML ¼ left medial

lobe; LNG ¼ lung; LVP ¼ liver parenchyma; PD ¼ pancreatic duct; PHCVC ¼ posthepatic caudal vena cava; PNCR ¼ pancreas; PV ¼ portal

vein; RML ¼ right medial lobe; S ¼ stomach; SI ¼ small intestine.
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FIGURE 10.—Representative images of the E17.5 fetal mouse liver. H&E-stained frontal (A) transverse (B, D), and sagittal (C) sections of liver at

low magnification. High-magnification H&E (E, G, K), PAS (F), myeloperoxidase IHC (H–J), and Pax5 IHC (L) sections. At this stage of

development, the low-magnification view of the fetal liver looks nearly identical to previous stages (A-D). The hepatocytes are beginning to

organize and form mature hepatic cords (E, brackets). Hepatocellular cytoplasmic glycogen stores can be seen as clumped intracytoplasmic pink

material with PAS staining (F). Hematopoiesis continues to decline, and the liver begins to establish small, solitary hematopoietic foci (E, arrows).

Megakaryocytes are present, but in decreased numbers (E, double arrows). The RBCs within vessels in the liver at E17.5 are nearly all anucleate

(G). Myeloperoxidase IHC identifies increased clusters of granulocytes dispersed throughout the liver as well as subcapsular (H, arrows) and

perivascular (I, J) aggregates. These cells can also be seen with H&E stain (K, arrows). Pax 5 IHC reveals that B lymphocytes are increased

in numbers, both scattered throughout the liver (L) and within perivascular hematopoietic aggregates.
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FIGURE 10.—(continued) BALV ¼ bare area of the liver; BD ¼ bile duct; CBD ¼ common bile duct; CrRL ¼ cranial right lobe of liver;

D ¼ diaphragm; DA¼ ductus arteriosus; DUOD¼ duodenum; DV¼ ductus venosus; E¼ esophagus; FL¼ falciform ligament; GB¼ gallbladder;

HRT¼ heart; K¼ kidney; LL¼ left lobe; LNG¼ lung; LML¼ left medial lobe; LVP¼ liver parenchyma; PHCVC¼ posthepatic caudal vena cava;

PNCR ¼ pancreas; PV ¼ portal vein; RML ¼ right medial lobe; S ¼ stomach; SI ¼ small intestine.
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FIGURE 11.—Representative images of the E18.5 fetal mouse liver. H&E-stained frontal (A), transverse (B, D), and sagittal (C) sections of liver at

low magnification. High-magnification H&E (E) and myeloperoxidase IHC (F) sections. The low-magnification liver architecture is nearly

identical to what was seen at E17.5 (A–D). The hematopoietic population at this age has been reduced to small, solitary foci. Hepatic cord for-

mation becomes more obvious as hepatocytes gain contact with each other (E, brackets). Myeloperoxidase IHC staining identifies a decreased

number of granulocytes within the liver parenchyma (F). Fewer granulocytes aggregate along the subcapsular space and around hepatic vessels

but can still be seen lining interlobar subcapsular spaces (F, arrows). BALV ¼ bare area of the liver; CVC ¼ caudal vena cava; CdRL ¼ caudal

right lobe of liver; CL¼ caudate lobe of liver; CrRL¼ cranial right lobe of liver; D¼ diaphragm; E¼ esophagus; FL¼ falciform ligament; GB¼
gallbladder; ILS¼ interlobar space; LL¼ left lobe; LML¼ left medial lobe; LNG¼ lung; LUV¼ left umbilical vein; LVP¼ liver parenchyma;

PHCVC ¼ posthepatic caudal vena cava; PNCR ¼ pancreas; PV ¼ portal vein; RML ¼ right medial lobe; S ¼ stomach; SI ¼ small intestine.
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normal liver function. Animals in which hepatocyte nuclear

factor 4a is inactivated specifically in the fetal liver (HNF4

mutant) demonstrate defective hepatocyte maturation and

abnormal hepatic tissue architecture (Parviz et al. 2003). At

E18.5, normal hepatocytes in mice are large, flat, and orga-

nized into tightly associated cords. However, HNF4 mutant

hepatocytes are small, round, and loosely associated. PAS his-

tology demonstrates that the HNF4 mutant livers fail to accu-

mulate glycogen normally (Parviz et al. 2003). Thus, genetic

alterations can lead to disruptions in hepatic architecture and

cell morphology observable on stained liver tissue sections.

Postnatal Liver Development

The adult liver has a characteristic histological architecture

(Apte et al. 2007). The principal cells of the adult liver are the

hepatocytes, which are linked in such a manner that they form

cords or plates of cells (Samuelson 2007). These plates are

separated from each other by the hepatic sinusoids. In the adult,

the hepatocytes are organized by the stromal elements of the

liver into structural units known as hepatic lobules (Samuelson

2007). The central vein is located in the center of the lobule,

whereas portal triads are located at the lobule periphery, sepa-

rated by arcs of about 120� (Samuelson 2007). The portal triads

contain branches of the hepatic artery and portal vein as well as

intrahepatic bile ducts. During histological examination of the

postnatal liver, it is important to remember that this character-

istic liver architecture is not fully present until 2 to 3 weeks

after birth (Apte et al. 2007).

Liver mass increases by several fold in the first 3 weeks of

postnatal life but declines in the fourth postnatal week when the

liver:body weight ratio approaches adult levels (Apte et al.

2007; Behrens et al. 2002). Beginning around one week postna-

tally, liver paranchymal cells (hepatocytes) begin to organize

into well-defined hepatic plates (Grossi, Velardi, and Cooper

1985). Proliferation of biliary cells, along with an increase in

the formation of portal triads, can be observed between ten and

twenty days after birth (Apte et al. 2007).

During the first postnatal week, hematopoietic cell

distribution in the neonatal liver is essentially the same as

in the near-term fetus. Aggregates of hematopoietic cells, in

which all cell lineages are intermingled, can be found among

developing hepatocyte cords immediately after birth. At the

end of the first postnatal week, hematopoietic cells have reor-

ganized to form discrete foci composed of cells progressing

along a single differentiation pathway (Grossi et al. 1985).

Small islands of hematopoietic cells remain in the liver until

2 weeks after birth (Grossi et al. 1985; Sasaki et al. 1993).

These hematopoietic cells can often be found surrounding a

central macrophage (similar to embryonic/fetal develop-

ment); however, the macrophages in the postnatal liver are

much smaller (Sasaki et al. 1993). Small foci of hematopoie-

tic cells can sometimes be seen scattered throughout the adult

liver as well. Megakaryocytes can also be found in the postna-

tal liver as isolated cells surrounded by hepatocytes (Grossi

et al. 1985).

Intrahepatic Bile Duct Differentiation

Bile production is an essential function performed by the

hepatocytes of the liver. Within the liver, bile is transported

through bile canaliculi that are connected to a network of intra-

hepatic bile ducts (IHBDs). The bile flows from the IHBDs to

the hepatic ducts, moves through the cystic duct, and is finally

stored in the gallbladder (Lemaigre 2003). IHBD differentia-

tion occurs along a gradient from the liver hilus to the periphery

and begins between E13.5 and E14.5 (Lemaigre 2003), begin-

ning first near the centers of the lobes (Clotman et al. 2002).

Differentiation of periportal hepatoblasts into IHBDs can be

divided into five histological stages (Lemaigre 2003; Shiojiri

1984). As their differentiation begins (stage 1), a subset of

hepatoblasts are found very closely apposed to the mesench-

yme surrounding the portal vein at about E14.0 (Figure 12A).

These cells are considered biliary precursor cells based on their

position (Lemaigre 2003; Shiojiri 1984; Van Eyken et al.

1988). In the next stage, beginning at E15.5, the biliary precur-

sor cells form a single-layered ring, termed the ductal plate,

around the mesenchyme of the portal vein (Figure 12B)

(Lemaigre 2003). This ring becomes partially bilayered in the

third stage, which occurs at approximately E16.5 (Figure

12C). At the fourth stage on the following day (E17.5), the

bilayered ring undergoes extensive remodeling so that focal

dilations occur between the two layers, forming bile ducts

(Lemaigre 2003; Figures 12D and 12F, arrow). Ductal plates

also begin to appear around smaller portal vein branches as

they develop distally from the portal vein (Shiojiri 1997). The

areas of the ductal plate that are not involved in duct formation

subsequently regress (Lemaigre 2003). Around the time of

birth, the fifth and final stage of bile duct remodeling occurs,

and the newly formed ducts are incorporated into the portal

mesenchyme (Lemaigre 2003; Figure 12E). The IHBDs pro-

gressively connect to each other to form a ductal network that

drains toward the extrahepatic bile ducts (Shiojiri 1997).

Although the events of ductal plate formation are not easily

seen with H&E staining, they represent an important set of events

with regard to normal liver function as well as developmental

liver pathology. Immunohistochemistry for cytokeratin (CK) 19

has been a reported methodology for identifying the ductal plate

and monitoring its development (Figure 12G, arrows) beginning

as early as E13.5 (Clotman et al. 2002, 2003; Zong et al. 2009).

Hepatoblasts can differentiate to become either hepatocytes or

biliary epithelial cells. Those hepatoblasts immediately adjacent

to the portal tract mesenchyme become more immunoreactive for

CK-19 late during in utero development, whereas the hepato-

blasts further from the ductal plate lose their CK-19 immunoreac-

tivity (Lemaigre 2003; Shiojiri 1997).

Abnormal Development

A number of genetic alterations interfere with proper IHBD

formation and result in the persistence of the ductal plate beyond

the period of in utero development. Lack of remodeling results

in the persistence of periportal epithelial sheets and results

in ductal plate malformations. These malformations are
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FIGURE 12.—Development of the intrahepatic biliary system (A–E). High-magnification H&E section at E17.5 (F) and CK-19 IHC section at

E18.5 (G). At E13.5-14.5, biliary precursor cells expressing CK19 are found close to the portal mesenchyme (A). Around E15.5, the biliary pre-

cursor cells form a single-layered ring called the ductal plate (B). This ring becomes bilayered close to E16.5 (C). At E17.5, focal dilations appear

between the two layers (D). These dilations give rise to the intrahepatic bile duct, and the rest of the ductal plate regresses. Near the time of birth,

the ducts become incorporated into the portal mesenchyme (E). At E17.5, the bile ducts that have formed adjacent to central veins can be identified

by an H&E stain (F, arrows). CK-19 IHC stain is used to identify the ductal plate and can be used to monitor its development as seen at E18.5

(G, arrows). Adapted with permission from Lemaigre (2003, 82, Figure 2).
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characterized histologically by immature biliary structures in

the ductal plate conformation. This means that biliary epithe-

lial cells remain in their embryonic ductal plate conformation

and do not remodel or become incorporated into the portal

mesenchyme and biliary network. For example, mice homozy-

gous for a null mutation of Hnf6 (Clotman et al. 2002), or mice

with liver-specific inactivation of Hnf1b (Coffinier et al.

2002), had abnormal differentiation of biliary epithelial cells,

defective formation of bile ducts leading to the persistence of

ductal plate remnants at birth, and functional abnormalities

in bile processing. The duct-like structures that did form were

often cystic and were not properly incorporated into the portal

mesenchyme, suggesting a lack of proper maturation.

Extrahepatic Biliary System

Bile, produced by hepatocytes, flows into bile canaliculi and

then into individual intrahepatic bile ducts, which then lead

into the right and left hepatic ducts within each liver lobe. The

right and left hepatic ducts come together to form the common

hepatic duct, which then joins with the cystic duct from

the gallbladder, forming the common bile duct (Figure 13A).

The hepatic ducts, cystic duct, and common bile duct are

collectively referred to as the extrahepatic bile duct (EHBD).

Bile is stored in the gallbladder and transported from the gall-

bladder to be excreted into the duodenum via the common bile

duct.

As previously described, development of the hepatobiliary

system begins as an endodermal evagination at the foregut-

midgut junction around E9.0 to form the hepatic bud. The bud

then divides into cranial and caudal portions; the caudal portion

gives rise to the gallbladder and the majority of the extrahepatic

biliary system (Hunter et al. 2007), while the cranial portion

gives rise to a portion of the extrahepatic biliary system as well

as the liver and intrahepatic bile ducts (Clotman et al. 2002)

(Figure 1). In the mouse, the primordium of the gallbladder

is present at E10.0. At E11.5, the gallbladder can be seen elon-

gating with the liver and is already surrounded by mesenchyme

and continues to be surrounded by mesenchyme through E18.5

(Figures 13B and 13C) (Kalinichenko et al. 2004).

Grossly, the gallbladder is located in the bifurcation of the

median lobe of the liver. In general, the structures of the gall-

bladder and EHBD are easiest to follow using sagittal or

transverse sections. It is critical when evaluating the gallblad-

der and associated ductal structures in the embryo that a sub-

set of serial sections is used, as this aids in following the

ductal system as it runs from the gallbladder to the small

intestine. The best way to locate the gallbladder using trans-

verse sections is by following the caudal aspect of the liver in

serial sections. This will reveal the junction of the liver with

the gallbladder, which is found close to the origin of the fal-

ciform ligament in close proximity to the left umbilical vein/

ductus venosus.

The lumen of the gallbladder is delineated by a single layer

of pseudostratified columnar epithelium consisting of biliary

epithelial cells called cholangiocytes (Figure 13B). The

cholangiocytes have abundant pale, eosinophilic cytoplasm

and ovoid nuclei located at the basilar aspect of the cell. They

also have numerous, prominent nucleoli. Sections of gallblad-

der are often cut tangentially due to positioning during fixation.

This can give the false appearance of multilayered epithelium

(Figure 13B). Several layers of loose mesenchymal cells, with

abundant diaphanous cytoplasm, surround the luminal epithe-

lium (Figure 13B). Surrounding this mesenchymal layer is a

very thin layer of muscle. The basic histological structure of the

gallbladder does not change significantly throughout its

development. It should be noted that the abdominal portion of

the esophagus can sometimes be seen between liver lobes in a

position where it could be mistaken for the gallbladder without

careful examination (Figure 13D). The esophagus can be distin-

guished from the gallbladder as it can be seen in serial sections

connecting to the stomach. Furthermore, the gallbladder has

one thin layer of muscle surrounding a mesenchymal layer,

whereas the esophagus is more clearly organized into two dis-

tinct muscular layers (inner circular and outer longitudinal).

Continuing to follow the gallbladder in serial transverse sections

will eventually reveal the cystic duct and common hepatic duct,

which empty into the common bile duct (Figures 13E–13K). The

common bile duct transports bile from the gallbladder into the

small intestine and can be followed in serial sections as it con-

nects the two structures, beginning at E11.5 and extending

throughout development (Figures 13G–13H). Sagittal sections

often provide the benefit of showing the hepatic ducts, cystic

duct, common bile duct, and gallbladder in the same section

(Figures 13I–13K). In sagittal view, the gallbladder will be

located underneath the ventral-most aspect of the liver, near the

physiological umbilical hernia, when present (Figure 13I). Since

the basic histological structure of the gallbladder does not

change significantly, these strategies can be used to identify the

structures of the extrahepatic biliary system at any stage of

development from E12.5-E18.5. CK 19 is expressed in the

epithelium of the developing gallbladder in mammals (Figure

13L) and can be used to assess the integrity of the developing

gallbladder epithelium when defects in its development are sus-

pected (Hunter et al. 2007; Kalinichenko et al. 2002; Tan and

Moscoso 1994).

Abnormal Development

Relatively little is known about the morphogenetic events

and specific factors involved in gallbladder development. Sev-

eral mutant mouse lines have been described that have abnorm-

alities in gallbladder development in addition to alterations in

other tissues (Clotman et al. 2002; Hunter et al. 2007; Kalini-

chenko et al. 2002). Animals heterozygous for the Forkhead

box f1 transcription factor (Foxf1) have significantly smaller

gallbladders with a range of structural abnormalities involving

the smooth muscle layer, mesenchymal cell layer, and biliary

epithelial cell layer of the gallbladder (Kalinichenko et al.

2002). Foxf1 mutant mice have lung abnormalities in addition

to gallbladder abnormalities. Animals with a null mutation in

the transcription factors HNF6 or hematopoietically expressed
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FIGURE 13.—Development of the extrahepatic biliary system. Schematic illustration of the extrahepatic biliary system (A): bile is produced in

hepatocytes in the liver and flows into bile canaliculi, and then into the right and left hepatic ducts. The hepatic ducts come together to form the

common hepatic duct, which then joins with the cystic duct from the gallbladder. Together, these form the common bile duct. Bile is stored in the

gallbladder and transported from the gallbladder into the duodenum via the common bile duct. Representative H&E-stained sections illustrating

the gallbladder, hepatic ducts, cystic duct, and common bile duct leading into the duodenum at various stages of development (B–K). At E11.5,

the gallbladder can be seen elongating with the liver and is surrounded by mesenchyme (C). A single layer of pseudostratified epithelium lines
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FIGURE 13.—(continued) the gallbladder although tangential sections may give the appearance of ‘‘piling up’’ (B). It should be noted that the

abdominal portion of the esophagus is sometimes situated between liver lobes where it can be mistaken for the gallbladder (D). Following

the gallbladder in serial transverse section will eventually reveal the hepatic ducts and cystic duct, which empty into the common bile duct

(E–K). The common bile duct can be followed in serial sections as it connects the gallbladder and duodenum (G, H). Figure 13L shows

CK-19 positivity in the apical aspect of the cystic duct epithelium (arrow). CBD ¼ common bile duct; CD ¼ cystic duct; CdRL ¼ caudal right

lobe of liver; CrRL¼ cranial right lobe of liver; D¼ diaphragm; DUOD ¼ duodenum; DV¼ ductus venosus; E¼ esophagus; GB¼ gallbladder;

HD¼ hepatic duct; ILS¼ interlobar space; K¼ kidney; LHD¼ left hepatic duct; LL¼ left lobe; LML¼ left medial lobe; LNG¼ lung; LVP¼ liver

parenchyma; MES¼mesenchyme; PHCVC¼ post hepatic caudal vena cava; PNCR¼ pancreas; RHD¼ right hepatic duct; RML¼ right medial lobe;

S ¼ stomach; SI ¼ small intestine; STM ¼ septum transversum mesenchyme.
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homeobox (Hhex) both lack a gallbladder in addition to

possessing defects in other organs such as the liver (Hhex) and

pancreas (HNF6) (Hunter et al. 2007; Jacquemin et al. 2000).

Animals deficient for the transcription factor Hairy enhancer

of split 1 (Hes1) have agenesis of the gallbladder and apparent

conversion of biliary epithelial tissue to pancreatic tissue

(Sumazaki et al. 2004). One mouse model, the Leucine-rich

repeat-containing G protein-coupled receptor (LGR) mutant,

lacks a gallbladder in the absence of developmental

abnormalities in neighboring tissues (Yamashita et al. 2009).

These LGR mice developed a normal gallbladder bud at

E10.25 but had no further elongation of the bud (Yamashita

et al. 2009). These and other studies have begun to reveal

information about the genes necessary for normal gallbladder

outgrowth and development.

DISCUSSION

When evaluating hepatobiliary development during gesta-

tion, it is important to know the age-specific changes that occur

from E9.5 to E18.5. Although many of the changes that occur

during liver development are at the cellular level, there are also

several noteworthy anatomical changes that occur at the

macroscopic level.

At E9.0-E9.5, the liver consists of a diverticulum (‘‘bud’’) of

endodermal cells arising from the ventral surface of the foregut

near the foregut-midgut junction. At E10.0-E10.5, the epithe-

lial sheets within the bud have undergone elongation and

branching to begin forming the hepatic cords. By E11.5, the

liver is primarily composed of hepatic cords and liver sinu-

soids. At this stage in development, the liver takes over from

the yolk sac as the primary locus of hematopoiesis. From this

stage forward, the developing liver is composed of variable

proportions of hepatoblasts interspersed among hematopoietic

cells. At E11.5 and E12.5, important vascular changes begin

to occur such as the development of the ductus venosus, caudal

vena cava, and portal vein. Division of the liver into lobes is

another major macroscopic change and also begins at E12.5.

By E13.5, the liver achieves its final embryonic architecture

but continues to grow in size. After this stage, changes seen

in the developing liver occur primarily at the cellular level.

E13.5 represents the peak in hematopoietic activity within the

liver. After this stage, hematopoiesis declines and hepatocytes

gain increased contact with each other, initiating the definitive

hepatic cords and sinusoids seen in the adult liver. Hepatic

development must proceed for 2 to 3 weeks after birth before

the mature constellation of hepatic cords and bile ducts is

attained. Structures such as portal triads and hepatic plates are

not normal features of the embryonic or early postnatal liver;

therefore, their absence should not be mistaken as an abnormal

liver phenotype.

For proper phenotypic evaluation of the liver in an embryo,

there are many issues to consider in terms of normal structural

and histological variation, proper sample processing, and eva-

luation of gross lesions. First, it is important to remember that

there are strain differences as well as individual animal

variation in developmental ages when embryological events

are occurring. The features described for the ages provided in

this atlas have been cited in the literature but should be used

as a guide, while keeping in mind that developmental events

may occur slightly earlier or slightly later in a particular strain

of mice. Furthermore, some animals in a litter will naturally

develop more slowly than their littermates and may not have

identical developmental hallmarks when compared to other

animals in the litter. This speaks to the importance of having

properly controlled experiments, where littermate controls are

used to establish a baseline of how normal development is

occurring for a specific organ system in a particular develop-

mental model.

Proper embryo collection and processing is another critical

aspect of successful embryo phenotypic evaluation. After

gross dissection of the conceptus from the placenta, intact

embryos or isolated livers can be submitted for histological

evaluation. If the isolated liver will be submitted, the abdom-

inal body cavity should be opened to allow fixative to pene-

trate and fix the liver before its removal. The liver is friable

and therefore should be carefully removed. It is typically

more useful to submit the entire conceptus as many targeted

mutations disrupt multiple tissues (such as factors expressed

in all endodermally derived organs). An exception to this

approach may be considered if a more definitive examination

of hematopoietic components is required. In such instances,

isolation of the liver and submission of touch preparations

may provide more complete information regarding the health

of the various hematopoietic lineages than would histopatho-

logic analysis (a situation equivalent to the need for bone mar-

row preparations when assessing the hematopoietic system of

adults). Accurate staging of a conceptus as well as observa-

tions made during its initial dissection can be used in conjunc-

tion with histological examination to determine if embryonic

liver abnormalities are present.

Choice of fixative is another parameter that can impact phe-

notypic evaluation of embryonic samples. Fixation is one of the

most critical components of histological analysis because it can

affect both tissue morphology and antigen detection. Cryopre-

servation is sometimes chosen because antigens are well pre-

served by this preparation, though this typically comes at the

expense of tissue morphology. Paraffin embedding preserves

tissue integrity but may not be compatible with all immunohis-

tochemical markers. Bouin’s fixation is often the preferred

method when working with whole embryos and fetuses

because it penetrates the tissue well, is excellent at preserving

soft and delicate tissue structures and nuclei, and yields histo-

logic stains with brilliant tinctorial characteristics. Bouin’s

fixative contains formaldehyde, an aqueous saturated picric

acid solution, and glacial acetic acid. The shrinking induced

by the picric acid is offset by the swelling of the glacial acetic

acid. However, there are caveats to using Bouin’s fixative.

Tissue fixed for extended periods (more than 24 hr) become

brittle and difficult to section. Six to 8 hr is optimal for tissue

fixation in Bouin’s. In addition, if hematopoietic cells, specif-

ically erythrocytes, are to be examined, Bouin’s is not the
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fixative of choice as the glacial acetic acid in Bouin’s fixative

can cause lysis of RBCs. Bouin’s is optimal for trichrome stain-

ing due to its mordanting effect on the tissue (ability to fix dyes

to cells and tissues); however, it may not be compatible with

preservation of all antigens if immunohistochemistry will be

performed (Ananthanarayanan et al. 2005). Thus, it is crucial

to identify organs and molecules of interest for a study before

collection and fixation of the tissue. In addition, some antibo-

dies may work in frozen and not in paraffin-embedded tissue,

so it may be necessary to collect multiple embryos to correctly

assess protein expression in some organ systems. Adequate

penetration of the fixative is another issue to address in

embryos older than E17.5. For the intact embryo, the integu-

ment over the torso is partially removed and the abdominal

cavity opened to permit adequate penetration of the fixative

near the hepatobiliary organs. Removing the head and limbs

alone is not sufficient for fixation of older embryos.

Careful evaluation of the embryo for gross lesions is another

critical step in phenotypic evaluation. As an example, defects in

hematopoiesis may result in observable gross changes in the

embryo. The circulation of oxygen-carrying RBCs is essential

for growth and survival to term of a developing conceptus.

Therefore, defects in intra-hepatic hematopoiesis, and thus

oxygen-carrying capacity, can lead to embryonic lethality.

Around E11.5, the liver takes over for the yolk sac blood islands

as the primary site of hematopoiesis. For this reason, liver-

related defects in hematopoiesis often lead to death after this

stage of development (i.e., during mid-gestation). Embryos with

early hematopoietic defects often have a gross appearance

characterized by a pale yolk sac and pale embryo proper. Hema-

topoietic defects in early to mid-gestation generally have a small

and pale liver when compared to controls. If the architecture of

the liver is severely disrupted/disintegrated due to defects in

hepatoblast formation/proliferation, this can cause defects in the

intrahepatic (sinusoidal) and transhepatic circulations as well.

Red blood cells may accumulate in the developing liver due to

interrupted circulation (caused by the disruption in hepatic archi-

tecture), leading to anoxia and eventually death. On histological

analysis, these livers may exhibit altered organization of the

hepatic architecture and/or inappropriate concentrations of

RBCs. Liver congestion secondary to an abnormal cardiovascu-

lar phenotype is another differential that should be considered in

conjunction with a thorough review of the heart and major ves-

sels (Savolainen, Foley, and Elmore 2009).

As genetically modified mice continue to be utilized in the

pursuit of a better mechanistic understanding of hepatobiliary

development, it is likely that more pathologists will be called

upon to characterize phenotypic defects in the liver and gall-

bladder during in utero and early postnatal development.

A number of factors may influence the phenotypic evaluation

of such embryos including accurate specimen staging, avail-

ability of appropriate control samples, tissue fixation proto-

col, and the pathologist’s knowledge of age-specific normal

anatomy and cellular morphology. It is our hope that infor-

mation provided in this atlas will make this task more

approachable.
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