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ABSTRACT 

Breast milk contains many biologically active substances, including epidermal 

growth factor (EGF), that are absent from artificial milk formulas. Previous studies have 

shown dramatic growth and maturation effects of milk-bome EGF on the intestine. This 

raises the question as to whether artificial milk formulas should be supplemented with 

biologically active substances, such as EGF. As a result, this dissertation examined 

whether feeding suckling rats artificial milk formula supplemented with EGF modulates 

liver development. The normal development of hepatic cells in suckling and weanling 

rats also was characterized. Additionally, this dissertation examined whether gut-derived 

endotoxin and tumor necrosis factor alpha (TNFa) play a role in liver development. 

Dam-fed suckling and weanlings showed increases in the reorganization of 

hepatocellular plates, numbers of binucleated hepatocytes, and a tendency for sinusoidal 

endothelial cell fenestrae density and porosity to increase with age. Monocytic derived 

cells increased at days 8-12 and decreased at day 16. Hepatic stellate cells decreased 

with age. Colon microbial flora and portal venous endotoxin were present from day 8 

onward. 

Compared to artificial milk formula feeding alone, EGF in the artificial formula 

elicited increased numbers of binucleated hepatocytes, changes in colon microbial flora, 

and a tendency for increased numbers of Kupffer cells and portal venous endotoxin. 

Compared to breast milk, the artificial diet caused decreases in binucleated hepatocytes, 

increases in monocytic derived cells, Kupffer cells, hepatic stellate cells, portal venous 
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endotoxin and changes in the composition of the colon microbial flora. These increases 

in cells may be due to colonization of the colon with microbial flora which increased 

portal venous endotoxin. Increased endotoxin may provide a stimulus for the recruitment 

of monocytic derived cells to the liver and differentiation into Kupffer cells, which then 

stimulates hepatic stellate cell proliferation. However, the increases in portal venous 

endotoxin were not sufficient to elicit hepatic TNFa mRNA production. 

In conclusion, milk-bome EGF is involved in differentiation of hepatocytes and 

changes colon microbial flora that occur in suckling rats. Whether accelerating 

maturation of hepatocyte is beneficial or detrimental to the suckling rats remains to be 

determined. Therefore, the supplementation of artificial milk formula with EGF warrants 

further consideration and research. 
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CHAPTER 1 - LITERATURE REVIEW 

INTRODUCTION 

Following birth the newborn suckling rat undergoes dramatic physiological and 

environmental changes compared to its in utero state. The suckling period is defined as 

the time from birth to approximately postnatal day 16-18, when the sucklings first begin 

to ingest rat chow. The period from postnatal day 16 to approximately day 24-26 is the 

weanling period, when the sucklings are being weaned from breast milk. By postnatal 

day 26 the weanlings are then considered young adult rats. 

During the suckling and weanling period, the liver is an organ in transition from 

the fetal to the adult state with morphologic and metabolic changes occurring that result 

in the pattern of heterogeneity that exists in the adult. Following birth the suckling 

becomes completely dependent on its mothers breast milk for nutrition and its own 

gastrointestinal system for the absorption of these nutrients and providing a mucosal 

barrier to infectious agents. This is a period of time in which the gastrointestinal system 

also is colonized by microbial flora. All of these factors are thought to play a role in 

hepatic development. For example, growth factors are contained in breast milk that may 

be absorbed into the portal circulation and affect hepatic development, as may 

translocated endotoxin from gram-negative bacteria that colonize the intestine. However, 

specific knowledge about these processes is very limited. 
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This literaUire review is intended to provide pertinent background information 

that is relevant to this dissertation. It covers liver development, breast and artificial milk, 

epidermal growth factor (EGF) as well as the reported effects of EGF on the liver. 
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THE LIVER 

The liver develops as a thickening of endodermal cells from the ventral primordial 

gut. These endodermal cells then invade the neighboring splanchnic mesoderm and form 

clusters of cells that interact with viteline veins. These invading cells, hepatoblasts, form 

the hepatic cords that anastomose around the viteline veins, which make up the sinusoids. 

This primordial parenchyma, called the muralium multiplex by Elias, is three to five cells 

thick (Elias et al., 1971). At varying rates following birth, depending on the animal 

species, the parenchyma becomes predominately a single cell thick hepatocellular plate, 

the muralium simplex, as the result of reorganization of the hepatocellular plates (Elias et 

al., 1971). Tight junction formation betvveen hepatocytes form the bile cannaliculi, which 

are connected to interlobular bile ducts in the portal areas by short ductules, the canals of 

Hering. The proliferation of endoderm derived parenchymal cells and mesenchymal 

derived non-parenchymal cells establish a configuration of the solid organ that begins to 

bulge out of the transverse septum, becoming an abdominal organ. 

During the fetal period the rat liver functions primarily as a hematopoietic organ. 

Prior to birth liver hematopoietic tissue begins to decrease, as the bone marrow takes over 

hematopoietic function (Palis and Segel, 1998), until all the tissue is gone from the liver. 

There are conflicting reports regarding the time course for the loss of rat liver 

hematopoietic tissue. One report states that loss of liver hematopoietic tissues is 

complete by postnatal day 10 (Nagel, 1968) while another reports the loss is complete by 

postnatal day 20 (Sokal et al., 1989). 
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The liver is supplied with nutrients and oxygen rich blood supplied by the 

umbilical vein during the fetal period. At birth blood flow ceases in the umbilical vein, 

the ductus venosus closes, and the adult pattern of circulation is formed. The main blood 

supply of the liver switches to the venous blood flow supplied by the portal vein. After 

birth the mammalian liver has a dual blood supply. Approximately 80% of the blood is 

supplied by the portal circulation, which is poorly oxygenated. The other 20% is highly 

oxygenated supplied by the hepatic artery. 

The liver functions to extract nutrients from blood, produce and secrete bile for 

the digestion of lipids, store energy in the form of fat and glycogen, synthesize amino 

acids and proteins and to biotransform drugs and toxicants. Both parenchymal and 

nonparenchymal cells make up the liver (Table 1). The parenchymal cells, the 

hepatocytes, account for 60% of all liver cells by number and 80% of the liver volume 

(Sasse, 1986; Sasse et al., 1992). The nonparenchymal cells comprise 35% of all liver 

cells by number and make up 17% of the liver volimie. The nonparenchymal cells 

include the cells principally associated with the vasculature, endothelial cells, Kupffer 

cells, hepatic stellate cells (Ito cells. Fat Storing cells) and the large granular lymphocytes 

(Pit cells). 
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Table 1. Cellular composition of the adult rat liver. Modified fi-om Gebhardt (Gebhardt, 

1992). 
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Cell Type 
Cell Number Volume Occupied 

(% of all liver cells) (% Volume) 

Hepatocytes 60-65 78 

Endothelial cells 15-20 2.8 

Kupffer cells 8-12 2.1 

Hepatic Stellate cells 3-8 1.4 

Large Granular Lymphocytes <2 -
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The Hqjatic Functional Unit 

The concept of what constitutes the functional unit in the liver has continued to 

evolve since it was first described in 1833 (Kieman, 1833). Since that time, many models 

of the functional unit of the liver have been proposed each taking into consideration new 

experimental observations and attempting to build and improve upon the previous model. 

Today, even after approximately 200 years of study, debate and observation, no 

universally accepted agreement exists regarding the functional unit of the liver. 

The classic lobule, proposed by Kieman (Kieman, 1833) (Figure 1), is a polygon 

structure with a central hepatic vein at its center based on the observations of pig liver 

that is bordered with connective tissue. This connective tissue is not seen in most healthy 

mammalian livers. Criticisms of this model included the observation that the boundaries 

of the lobule were poorly delineated in most mammalian species and were not true septa, 

as they carry afferent blood and efferent bile from adjacent septa. This led to the 

development of the portal unit by Mali (Mall, 1906) (Figure 1), which is centered on the 

portal tract. The model suggested that gradients of blood flow are present from the 

terminal portal vein to central hepatic veins, which were sickle shaped around the portal 

tract. 

The portal unit model was further refined, taking into consideration 

microcirculation and physiology, into the liver acinus model proposed by Rappaport 

(Rappaport, 1976; Rappaport et al., 1954) (Figure 1). The model subdivided the acinus 

into 3 zones that radiate radially from the portal tract to the terminal hepatic vein. Even 
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though the liver acinus is taught as the functional liver unit in the many histology and 

pathology courses, many experimental observations are inconsistent with the model. 

Matsumoto described a zone of tortuous sinusoids fed with afferent blood, the periportal 

area (Zone 1 according to Rappaport) and a zone with straight radially arranged sinusoids 

draining into central veins, the centrilobular area (Zone 3 according to Rappaport) 

(Matsumoto and Kawakami, 1982; Matsumoto et al., 1979). They observed that 

periportal region (Zone 1) was connected as a continuum, in disagreement with the liver 

acinus model, which would have predicted a non-continuous periportal area (Zone 1) and 

a continuous centrilobular area (Zone 3). Additional problems with the acinus model 

comes from the hepatic injury produced by the anterograde and retrograde infusion of 

digitonin (Lamers et al., 1989; Lindros and Penttila, 1985; Quistorffet al., 1985), as well 

as 3 dimensional reconstruction studies (Teutsch et al., 1999). These studies agreed with 

Mastsumoto's observations that there is a continuum of the periportal area, while the 

centrilobular regions appeared isolated. 

The most recent description of the functional unit is that is most consistent with 

experimental observations is that the classic lobule is made of multiple subunits, the 

primary lobules (Bloch, 1970; Ekataksin and Wake, 1991; Ekataksin et al., 1987; 

Matsumoto and Kawakami, 1982; McCuskey, 1983) (Figure 1). Terminal branches of 

portal venules and hepatic arterioles supply each primary lobule. The primary lobule is 

cone shaped with a convex surface in the periportal region and its apex at the central vein 

where blood drains into the central vein. The primary lobule has been renamed the 
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hepatic microcirculatory subunit (HMS) (Figure 1) by Ekataksin et al (Ekataksin and 

Wake, 1991; Ekataksin et al., 1992; Ekataksin et al., 1993; Ekataksin et al., 1987). 

Despite many attempts to refine the liver functional unit, no model can account 

for all the discrepancies that exist fi'om experimental observation. Currently, the HMS 

model is most consistent with experimental observations. The liver functional unit has 

been and will likely be the subject of many future debates. 
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Figure 1. Models of the functional unit in the liver. Contig:uous hepatic lobules 
illustrating the interconnecting network of sinusoids derived from two portal venules 
(PV). Note the sinusoids become more parallel as the course toward the central venule 
(CV), which forms the axis of the classic lobule (Kieman, 1833) (center). Hepatic 
arterioles (HA) supply blood to sinusoids near the periphery of the lobule, usually by 
terminating in inlet venules or terminal portal venules. As a result, three zones (1, 2, 3) 
of differing oxygenation and metabolism have bee postulated by Rappaort et al. 
(Rappaport, 1960; Rappaport, 1976; Rappaport et al., 1954) to compose a hepatic acinus, 
with its axis being the portal tract (lower left). Several acini would compose the portal 
lobule (lower right) described by Mall (Mall, 1906). Matsumoto and Kawakami 
(Matsumoto and Kawakami, 1982) proposed that each classic lobule contains several 
cone-shaped subunits having convex surfaces fed by portal and arterial blood at the 
periphery and its apex at the central venule (upper left). A, B, and C represent 
hemodynamically equipotential line in a "primary lobule". A modification by Ekataksin 
et al. (Ekataksin and Wake, 1991; Ekataksin et al., 1992; Ekataksin et al., 1993; 
Ekataksin et al., 1987) further subdivides lobules into conical hepatic mirocirculatory 
subunits (HMS), each being supplied by a single inlet venule, modeled after McCuskey 
(McCuskey, 1993; McCuskey, 1994). From McCuskey et al (McCuskey and Sipes, 
1997b). 
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Lobular Heterogeneity 

At first glance the liver lobule appears to have minimal amounts of organization. 

However, upon closer examination there exist many spatial differences across the liver 

lobule that contributes to liver heterogeneity. These heterogeneous features are both 

morphological and metabolic in nature. This section will review the heterogeneity that 

exists within the lobule for the four major cell types present in the liver, the hepatocytes, 

sinusoidal endothelial cells, Kupffer cells and hepatic stellate cells. 

Hepatocytes are responsible for the majority of functions associated with the liver. 

Hepatocytes extract nutrients, store and release energy, synthesize proteins for the liver 

and other tissues, produce bile, and metabolize xenobiotics as well as many other 

physiological functions. Across the liver lobule hepatocytes demonstrate significant 

heterogeneity, resulting in the lobular difierences in morphology (Loud, 1968) and 

compartmentalization of metabolic function (Novikoff, 1958). Examples of lobular 

differences in hepatocyte morphology include differences in the organization of the 

hepatocellular plate (Alexander et al., 1997), localization binucleated hepatocytes and S 

phase hepatocytes (LeBouton, 1976; LeBouton and Marchand, 1970). One example of 

the compartmentalization of many metabolic functions that exist in the lobule is the 

enzyme glucose-6-phosphatase which is preferentially localized to the periportal region, 

while glucokinase has a reciprocally localized expression pattern predominating in the 

centrilobular region (Gebhardt, 1992). These enzyme gradients are not present at birth, 

but develop gradually following birth during the suckling period. 
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Sinusoidal endothelial cells (SEC), rest on a discontinuous basement membrane 

and are unique in that their cytoplasm is perforated by fenestrae which are not bridged by 

diaphragms. As a result, fenestrae provide channels for the movement of plasma 

macromolecules, such as chylomicrons, to move freely from the sinusoidal lumen to 

interact with hepatocytes. These fenestrae have been reported to vary in diameter from 

100-200nm (Barbera-Guillem et al., 1986). Wisse et al found that in adult rats the 

periportal region fenestrae diameters were larger than the centrilobular region, but 

fenestrae density and porosity, the area occupied by fenestrae, were greater in the 

centrilobular regions (Wisse et al., 1982). While fenestrae have been observed during the 

fetal period on sinusoidal endothelium from embryonic day 18 to postnatal day 5 and 

adult rats (Barbera-Guillem et al., 1986), no study has examined the development of 

sinusoidal endothelial cell fenestrae during the suckling period. 

Kupffer cells are the resident macrophages of the liver, representing 90% of all 

macrophages in the body (Aterman, 1977). Kupffer cells predominate and tend to be 

more phagocytic in the periportal area (Daemen et al., 1989; Itoh et al., 1992; Sleyster 

and Knook, 1982), while those in the centrilobular area tend to be smaller and more 

active in cytokine production and cytotoxicity (Bouwens et al., 1986c; Daemen et al., 

1989; Itoh et al., 1992; Sleyster and Knook, 1982). Kupffer cells act as sentinels 

monitoring what is coming into the body from the portal circulation, and are a first line of 

defense in removing blood borne endotoxin, particulates, infectious agents and 

xenobiotics. In response to many of these agents Kupffer cells are able to produce 

inflammatory mediators. Endotoxin is an outer cell wall component of gram-negative 
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bacteria that is a potent stimulator of Kupffer cells to produce tumor necrosis factor alpha 

(TNFa). The monoclonal antibody ED2 antibody recognizes rat Kupffer cells (Dijkstra et 

al., 1985). Using this antibody Kupffer cells are first detected from embryonic day 18 

onward in the rat (Takahashi and Naito, 1993). These authors did not make any temporal 

quantitative measures hepatic Kupffer cells. Increases in Kupffer cells have been reported 

postnataly in human infants (Cope and Dilly, 1990). Few studies have examined Kupffer 

cells during the suckling period in rats . 

Hepatic stellate cells reside in the space of Disse surrounding the sinusoidal 

endothelial cells. Hepatic stellate cells function to store retinoids, synthesize 

extracellular matrix protein and may possibly regulate sinusoidal blood flow (Bauer et 

a!., 1994; Kawada et al., 1993; Rockey and Weisiger, 1996). Lobular differences in the 

location of hepatic stellate cells have been reported in the pig (Wake and Sato, 1993; Zou 

el al., 1998) and humans (Horn et al., 1988) favoring the periportal region. Begirming in 

the fetal and suckling period the numbers of hepatic stellate cells are known to decrease 

gradually to adult levels in rats (Kiassov et al., 1995). However, this study examined 

hepatic stellate cells in rats only between embryonic day 16 and postnatal day 5, and in 

adults. Few studies have examined the hepatic stellate cells during the suckling period. 

Establishment of Lobular Heterogeneity 

The signals involved in establishing lobular heterogeneity are unknown, but it has 

been proposed that oxygen, hormones, endotoxin and endogenous mediator production 

may play a role in establishing lobular heterogeneity. 
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A gradient of oxygen tension is present across the liver lobule that is 

approximately 2 fold greater in the periportal region than the centrilobular region 

(Matsumura and Thurman, 1983). During the fetal period it is unlikely that such a large 

oxygen gradient exists across the lobule as the liver is supplied by oxygen rich blood 

from the umbilical vein. At birth the change in blood supply to the portal vein results in a 

rapid and dramatic difference in the sinusoidal microenvironment that likely contributes 

to the development of lobular heterogeneity. 

During passage through the sinusoid almost all hormones are degraded. A 

gradient for the EGF receptor has been reported across the liver lobule predominating in 

the periportal region (Marti and Gebhardt, 1991). This gradient results in the resulting in 

differential regional response to EGF across the lobule with the periportal region being 

more sensitive to EGF than the centrilobular region. 

Small amounts of endotoxin (lipopolysacharide), an outer cell wall component of 

gram negative bacteria, are normally absorbed into the portal circulation (Tamai et al., 

2000) and removed by hepatic KupfTer cells (Decker, 1990). Endotoxin is a potent 

stimulant for the production of the mediator, tumor necrosis factor (TNFQ) from hepatic 

Kupffer cells (Decker, 1990). TNFa is known to be one of the earliest produced 

molecules following endotoxin stimulation and initiates a cascade of events that result in 

the production of other cytokines and the recruitment of inflammatory cells to liver 

(Tracey and Cerami, 1993). TTsTFa has also been reported to prime hepatocytes to the 

effects of growth factors, including epidermal growth factor (Webber et al., 1998). 
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BREAST MILK 

Maternal breast milk is a species-specific nutritive media that supplies the 

newborn with in addition to nutrients, immune cells, immunoglobulins, enzymes and 

biologically active substances. Following birth the first milk produced by the mother is 

"colostrum", which compared to breast milk is enriched with breast milk components 

that are believed to help protect the infant fi^om environmental infectious agents. 

Several reports have described the growth promoting effects of breast milk. 

Newborn suckling rats tube fed either rat colostrum, milk or artificial milk formula for 40 

hours after birth had heavier stomachs and intestines than animals at birth (Berseth, 

1987a; Berseth et al., 1983). Both the colostrum and milk fed sucklings had more DNA 

and RNA in their intestines than artificially fed sucklings, and the colostrum fed 

sucklings had more DNA and RNA in their intestines than the milk fed sucklings. 

Colostrum feeding during the first 24 hours of life resulted in increased gastrointestinal 

weight, length, protein and DNA content in piglets (Widdowson et al., 1976). Similar 

results have been reported for both colostrum and to a lesser extent mature breast milk in 

piglets (Burrin et al., 1992; Simmen et al., 1990). Colostmm fed piglets had greater 

protein synthesis rates in the liver, kidney, spleen and skeletal muscle in piglet fed 

colostrum compared to those fed mature milk, suggesting that milk components mediate 

growth of tissues outside of the gastrointestinal tract (Burrin et al., 1992). These results 

demonstrated that both colostrum and milk had growth promoting effect in the intestine 

and that colostrum was more potent than mature milk at stimulating growth of the 

gastrointestinal tract. 
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In vitro evidence of the growth promoting effects of breast milk come from the 

observation that 1% human breast milk added to cell culture media was as effective as 

10% fetal calf serum at stimulating DNA synthesis in cultured fibroblast cells 

(Klagsbrun, 1978). In agreement with the in vivo experiments, colostrum mitotic activity 

is greater than mature milk in cultured fibroblast cells (Klagsbrun and Neumann, 1979). 

Additional studies have found similar mitogenic effect of human breast milk on cultured 

hepatocytes and enterocytes (Ichiba et al., 1992; Kohno et al., 1991). 

ARTIFICIAL MILK FORMULAS 

The differences between breast milk and artificial milk formula are significant as 

artificial milk formula is an inert nutritive media lacking milk cells, immunoglobulins, 

enzymes and biologically active substances (Wagner et al., 1996). 

Suckling rabbits fed artificial milk formula have a higher incidence of bacterial 

translocation compared to breast fed sucklings (Ford et al., 1996; Go et al., 1994; Go et 

al., 1994). Human infants fed artificial milk formula also are known to have differences 

in intestinal microbial flora compared to breast-fed infants (Balmer and Wharton, 1989; 

Wharton et al., 1994) and a higher incidence of necrotizing enterocolitis (Lucas and Cole, 

1990; Uauy et al., 1991). 

The most dramatic difference between breast milk and artificial milk formula is 

the absence of biologically active substances. Many growth factors have been identified 

in breast milk (Koldovsky, 1995). Using antibodies directed against EGF in cell cultures. 
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epidermal growth factor (EGF) was identified as a major growth promoting substance in 

breast milk (Carpenter, 1980). 

EPIDERMAL GROWTH FACTOR (EGF^ 

EGF was originally discovered in 1962 by Stanley Cohen and is one of the most 

extensively studied growth factors (Cohen, 1962). Cohen injected neonatal mice with 

mouse submandibular extract and noted the gross biological effects. These effects 

included precocious eruption of the incisors, early opening of the eyelids and a stunting 

of body growth and hair formation (Cohen, 1962). Isolation of this factor revealed a heat 

stable, peptidase resistant, single chained 53 amino acid protein with a molecular weight 

of 6,045 daltons (Cohen, 1962; Savage and Cohen, 1972). The structure contains 3 

disulfide bonds that are necessary for its biological activity (Cohen, 1962; Taylor et al., 

1972). Subsequent research has identified other biological effects including promoting 

functional maturation of the lungs and gut, as well as cytoprotective and enhanced would 

healing effects on the gastrointestinal tract (Catterton et al., 1979; Kirkegaard et al., 1983; 

Konturek et al., 1992; O'Loughlin et al., 1985; Olsen et al., 1984; Sundell et al., 1980). 

The major sites of EGF synthesis are the salivary glands, duodenum and the kidney 

(Olsen et al., 1984; Rail et al., 1985). The structural homology between human and rat 

EGF is 69% (Burgess, 1989) and the structural similarities between species are sufficient 

to allow EGF from a given species to elicit effects in other (Marti et al., 1989). EGF 

appears in first suckling rats in Brunners glands at postnatal day 3, the Paneth glands at 

day 7 and in the salivary glands at day 27 (Raaberg et al., 1988). 
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Milk-bome EGF 

EGF is present in both colostrum and breast milk. EGF has been identified in the 

milk of many mammalian species at varying concentrations (Koldovsky, 1995; Schaudies 

et al., 1989). The source of milk bome-EGF may be derived from matemal circulation or 

the synthesized in the mammary glands. The lactating goat mammary gland has been 

shown to take up 83% of intravenously injected EGF. However, only 3% of this dose 

appeared in the milk (Brown et al., 1986), suggesting that circulating EGF is not the 

source of milk bome-EGF. However, studies of lactating mice intravenously infused 

with EGF showed that EGF is removed from the circulation and concentrated in the 

mammary gland (Gresik et al., 1984). Evidence for endogenous breast milk EGF 

production is supported by the presence of EGF mRNA in mouse mammary gland and 

that these mRNA levels were modulated by lactogenic hormones (Brown et al., 1989; 

Fenton and Sheffield, 1991). 

Milk-bome EGF likely plays a role in modulating intestinal growth and 

development in sucklings. EGF is resistant to degradation in the gastric content in the 

suckling rats and preterm infants (Britton et al., 1988; Britton et al., 1989). This is 

believed to be due to the presence of peptidase inhibitors in milk which, prevent the 

degradation of EGF as well as other growth factors such as somatostatin, TGFQ, IGF-1 

and IGF-II (Rao et al., 1990; Rao et al., 1993). It has been reported that 60-90% of 

intragastrically administered EGF reaches the small intestine intact (Read et al., 1985) 

and EGF has been shown to pass through intestinal enterocytes functionally intact 

(Thomburg et al., 1984). Additionally, EGF receptors are present in the GI tract (Gallo-
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Payet et al., 1987; Grimes et al., 1992; Rao et al., 1986; Schaudies et al., 1989; Thompson 

et al., 1993; Toyoda et al., 1986) and liver (Jorgensen et al., 1988; Juhl et al., 1994). 

Suckling mice treated with pharmacological doses of EGF were reported to have 

decreased body weights (Chemausek et al., 1991; Hoath, 1986), while suckling rats orally 

fed pharmacological doses of EGF showed increased body and liver weights (Berseth and 

Go, 1988). The addition ofanti-EGF antibodies to pooled rat milk fed to suckling rats 

resulted in decreased intestinal weights, DNA and RNA concentrations (Berseth, 1987b). 

These results strongly implicate milk-borne EGF in the growth and development of the 

intestine. 

Aside from its role in normal gastrointestinal growth and development, EGF also 

appears to be beneficial in aiding gastrointestinal repair following injury. Surgical 

resection of the small intestine in weanling rats showed that if the formula fed to the rats 

was supplemented with EGF for 7 days after surgery there was an increase in small 

intestine regrowth (Read et al., 1992). Subcutaneous EGF has been reported to stimulate 

DNA synthesis and enhances healing of stress induced gastric ulcers in adult rats 

(Konturek et al., 1992). The drug methotrexate is known to cause intestinal epithelial cell 

injury. Feeding physiological and pharmacological doses of milk-bome EGF in 

methotrexate treated adult rats recovery fi-om injury was accelerated as EGF feeding 

increased intestinal peptidase and sucrase enzyme activity, indicating recovery from 

injury had occurred (Petschow et al., 1993). In a colostrum deprived rotavirus mediated 

gastrointestinal injury model, EGF supplementation of milk formula showed a dose 



34 

dependent increase in villus length and lactase enzyme. The effect with the low dose was 

observed in the proximal gut while, the effect was seen further in the gut of the high dose 

fed animals (Zijlstra et al., 1994). Together these results suggest that EGF may aid in 

gastrointestinal recovery from injury. 

Rabbits artificially fed EGF supplemented formula were reported to have 

decreased incidence of spontaneous bacterial translocation (Okuyama et al., 1998). This 

was believed to be due to increased mucosal protection due to increased numbers of 

goblet cells and increased mucous production. Additionally, EGF has been reported to 

protect the gastrointestinal tract against pathogenic bacteria by an unknown mechanism 

(Buret et a!., 1998). 

EGF AND THE LIVER 

In vivo microscopy of artificially reared suckling rats showed that 

supplementation of rat milk substitute with physiological doses of EGF increased both 

the number of sinusoids with flow and phagocytic Kupffer cells compared to artificial 

milk fed controls. Also, vasodilatation of the hepatic sinusoids was observed when EGF 

was applied topically to the liver in dam fed sucklings (McCuskey et al., 1997a). 

Increases in the liver weights without obvious histological changes were reported in rats 

and minipigs following treatment with pharmacological doses of EGF (Vinter-Jensen et 

al., 1998; Vinter-Jensen et al., 1995a; Vinter-Jensen et al., 1995b). Liver growth has 

been described in intravenously injected rats (Breider et al., 1996; Hoath, 1986). The 

liver takes up the majority of circulating EGF (Burrin et al., 1992; Jorgensen et al., 1988; 
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Kong et al., 1992; St Hilaire et al., 1983). The EGF receptor is highly expressed in the 

liver and takes up 52% of systemically administered EGF (Jorgensen et al., 1988; Juhl et 

al., 1994). In 13-day old-suckling rats 57% of intravenously injected EGF was found in 

the liver (Kong et al., 1992). The liver secretes immunoreactive EGF into the bile of 

suckling rats (Kong et al., 1992) suggesting that, in addition to milk borne EGF, the 

enterohepatic circulation is a source of EGF for the gastrointestinal system. Similar 

results have been reported in piglets and rats (Burrin et al., 1992; St Hilaire et al., 1983). 

However, the amount of EGF found in adult rat bile was 3 fold lower than that seen in 

suckling rats (Kong et al., 1992), suggesting that the processing of EGF is different 

between the adult and the suckling. 

Using isolated cultured hepatocytes it has been shown that TNFQ primes 

hepatocytes to the mitogenic effects of growth factors including EGF (Webber et al., 

1998). Kupffer cells are a major source of TNFa in the liver (Decker, 1990) and 

endotoxin is a major stimulus for TNFa release from Kupffer cells. 

HYPOTHESIS AND SPECIFIC AIMS OF THIS DISSERTATION 

Previous studies have demonstrated that EGF plays a role in the development of 

the gastrointestinal tract. Whether EGF plays a similar role in liver development is not 

known. However, it is reported that EGF is absorbed from the gastrointestinal tract and 

transported to the liver functionally intact. Therefore, the hypothesis tested by this 

dissertation is that epidermal growth factor supplementation of rat milk substitute plays a 

role in the liver development in the suckling rat. 
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This hypothesis was tested by the three following specific aims: 1) Characterize 

the normal development of hepatocytes, sinusoidal endothelial cells, Kupffer cells and 

hepatic stellate cells in suckling and weanling rats from days 4-28 after birth; 2) 

Determine whether feeding suckling rats artificially with rat milk formula supplemented 

with EGF modulates liver growth and development; and 3) Determine whether gut-

derived endotoxin and TNFa may play a role in liver development. 
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CHAPTER 2 - DEVELOPMENT OF LIVER HETEROGENEITY IN THE LIVER OF 
THE SUCKLING AND WEANLING RAT 

INTRODUCTION 

The suckling rat liver is a growing and developing organ in transition from the 

fetal to the adult state. During the fetal period the liver is supplied with nutrients and 

oxygen rich blood supplied by the umbilical vein. At birth blood flow ceases in the 

umbilical vein, the ductus venosus closes, and the adult pattern of circulation is formed. 

The main blood supply of the liver switches to venous blood supplied by the portal vein 

supplemented by arterial blood flow from the hepatic artery. 

During the fetal period the gut is sterile. Following birth the gut becomes 

colonized with a microbioal flora. This microbial flora is a source of endotoxin 

(lipopolysaccharide), a component of the outer cell wall of gram-negative bacteria. Small 

amounts of endotoxin are absorbed from the gut into the portal circulation, where hepatic 

Kupffer cells remove endotoxin as well as other particulates and antigens absorbed from 

the gut following birth. 

Postnatal changes in hepatocytes, which occur during the suckling period, include 

a reorganization of the hepatocellular plates and increases in the number binucleated 

hepatocytes and compartmentalization of metabolic function (Elias et al., 1971; 

Jungermann and Katz, 1989; LeBouton, 1976; LeBouton, 1974). An example of such 

compartmentalization of metabolic enzymes includes the gluconeogenic enzyme glucose-
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6-phosphatase, which following birth gradually forms a gradient that is predominantly 

expressed in the periportal region (Jungermann and Katz, 1989). 

Sinusoidal endothelial cells form the walls of liver sinusoids and have many 

fenestrae present in their cell wall that cluster to form sieve plates. Sinusoidal endothelial 

cell fenestrae act as a filter, preventing form elements of the blood from contacting 

hepatocytes and allowing plasma macromolecules to move freely into the space of Disse 

to interact with hepatocytes. While fenestrae have been observed during the fetal period 

on sinusoidal endothelium from embryonic day 18 to postnatal day 5 and adult rats 

(Barbera-Guillem et al., 1986), no study has examined the development and distribution 

of sinusoidal endothelial cell fenestrae during the suckling and weanling period. 

Kupffer cells reside in the lumen of hepatic sinusoids and represent the largest 

population of fixed tissues macrophages in the body (Aterman, 1977). This strategic 

location allows Kupffer cells to act as sentinels, monitoring what is coming into the body 

from the portal circulation, and sending out an alarm in the form of endogenous 

mediators. The monoclonal antibody EDI recognizes rat monocytes and Kupffer cells, 

while monclonal anti-ED2 antibody recognizes only rat Kupffer cells (Dijkstra et al., 

1985). Using these antibodies, monocytes are first detected in the fetal rat liver at 

embryonic day 17 and Kupffer cells are detected on embryonic day 18 (Takahashi and 

Naito, 1993), but these studies did not report any quanatiative measure of monocytic 

derived cells or Kupffer cells. 
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Hepatic stellate cells reside in the space of Disse surrounding the sinusoidal 

endothelial cells. Hepatic stellate cells function to store retinoids, secrete extracellular 

matrix proteins and may play a role in regulating sinusoidal blood flow. Beginning in the 

fetal and suckling period the numbers of hepatic stellate cells are known to decrease 

gradually to adult levels in rats (Kiassov et al., 1995). This study examined hepatic 

stellate cells in rat between embryonic day 16 and postnatal day 5, and in adults. There 

are no data on the number and distribution of hepatic stellate cells during the suckling 

and weanling period. 

During the fetal period the rat liver functions primarily as a hematopoietic organ. 

Prior to birth hematopoietic tissue begins to decrease, as the bone marrow takes over 

hematopoietic function (Palis and Segel, 1998), until all the tissue is gone from the liver. 

Conflicting reports have been made regarding the time course for the loss of rat liver 

hematopoietic tissue. One report stated that the loss of hepatic hematopoietic tissues is 

complete by postnatal day 10 (Nagel, 1968) while another reported the loss is complete 

by postnatal day 20 (Sokal et al., 1989). 

Following birth sucklings colon microbial flora is established and is dependent on 

their mothers colon microbial flora (Brunei and Gouet, 1993). Endotoxin is a potent 

stimulator of TNFa production in the liver (Decker, 1990). Small amounts of endotoxin 

are normally absorbed into the portal circulation (Tamai et al., 2000). In vitro 

experiments have demonstrated that TNFa primes hepatocytes to the mitogenic effects of 

growth factors such as epidermal growth factor (Webber et al., 1998). Whether any 



40 

temporal changes in portal blood endotoxin and liver TNFa production occur during the 

suckling period is unknown. 

While several studies have examined specific liver cells during a few time points 

during the suckling and weanling periods, none have looked extensively at any specific 

cell type or changes in hematopoietic tissue, gut colonization, endotoxin or TNFa 

production. The present study was undertaken to determine the normal temporal changes 

in parenchymal and non-parenchymal cells, heamatopoietic tissue and TNFa production 

that occur in the rat liver during the suckling and weanling periods as well as gut 

microbial flora, portal venous endotoxin. Chapter 2 serves as a reference for Chapter 3, 

which examines the role of milk-bome EGF on the development of the artificially reared 

suckling rat liver. This chapter also will serve as a reference for future studies addressing 

the roles of biologically active substances, nutrients, drugs and xenobiotics in suckling 

and weanling rat liver development. 
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MATERIALS AND METHODS 

Animals 

All experiments described were performed under approved University of Arizona 

lACUC protocols and within the guidelines of the National Institutes of Health. Female 

Sprague Dawley rats, from our own breeding colony, were bred for these studies. 

Following birth, the number of suckling rat pups per litter was reduced to 10 animals. At 

this time sucklings were exchanged between mothers to minimize any litter specific 

effects. Pups were sacrificed every four days between postnatal day 4 and 28. Six pups 

were used at each time point. Pups removed from litters were replaced with donor pups 

supplied from extra mothers. These pups kept the litter number at 10 and were not 

included in the studies. 

Collection of Tissue Samples 

Separate experiments were performed at each of the time points. In the first set 

of experiments, the sucklings were anesthetized with ether and their liver were exposed 

with an incision along the linea alba, followed by lateral subcostal incisions. The 

intestines were displaced gently to the animals left side to expose the portal vein. A loose 

silk ligature was carefully placed around the portal vein which then was cannulated with 

a 24G catheter and held in place by tightening the ligature. A gravity fed bottle was 

elevated 9-20 cm above the pup to provide physiological blood flow of 0.5 - 2 ml/min 

(Barbera-Guillem et al., 1986). Once tubing fi-om the bottle was connected to the cannula 

the liver was perfused with buffer (0.1 M sodium cacodylate buffer, pH 7.4) to clear the 
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organ of blood. After the liver cleared, flow was switched to fixative (1.5% 

glutaraldehyde in buffer) and the liver was perfused until it hardened. One millimeter 

square thick samples were collected for scanning electron microscopy (SEM). 

In the second set of experiments, suckling livers and portal veins were exposed as 

described above. A portal blood sample was collected using a heparinzied 30G needle, 

the liver was removed, and a sample of colon contents was collected for microbiology. 

Li\'er samples were immersion fixed in fixative (4% paraformaldehyde in PBS), fi"ozen in 

OCT (Sakara Fintek USA Inc., Torrance, CA) using liquid nitrogen or frozen in liquid 

nitrogen. 

Light Microscopv 

Changes in the hepatocellular plates were quantified according to Alexander et al 

(Alexander et al., 1997). Briefly, micrographs of both the periportal and centrilobular 

regions (18,225 fim2 area, ISS^im x 135^m) were obtained with a Zeiss light microscope 

(Carl Zeiss Incorporated, Thomwood, NY) equipped with an Optronics CCD digital 

camera (Optronics, Goleta, CA). A point counting grid was overlaid using PhotoShop 

(Adobe Systems Inc., San Jose, CA). An example of a field with the grid overlay is 

shown in Figure 2. Counts were made of points overlying hepatocytes and whether that 

hepatocyte was in a single or multiple cell thick plate. From these same images 

hematopoietic cells per field also were counted. 
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Figure 2. Example of point counting grid over tissue section. Black arrows point to an 
example of a hepatocyte in a single cell thick hepatocellular plate, while white arrows 
indicated a multiple cell thick hepatocellular plate. Points are spaced 25 ^im apart. 56IX 
magnification. 
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Glucose-6-Phosphatase Histochemistry 

Glucose-6-phosphatase enzyme activity was detected in liver sections using the 

method of Teutsch (Teutsch, 1978). 

Immunohistochemistrv 

The monoclonal mouse anti-rat EDI and anti-rat ED2 antibodies were purchased 

from Serotec (Raleigh, NC). The rabbit anti-desmin antibody was purchased from 

Accurate Chemical (Westbury.NY). In between steps slides were washed 3 times for 5 

minutes in phosphate buffered saline (PBS pH 7.4), unless otherwise indicated. Five-

micron thick sections were cut from paraformaldehyde fi.xed paraffin embedded tissues. 

Sections were deparafinized and rehydrated into water. Slides were stained using the 

avidin biotin enzyme complex (ABC) system (Vector Labs, Burlingame CA). Antigen 

retrieval was performed on the anti-rat EDI and anti-desmin sections (10 mM citrate 

buffer pH 6.0, 30 min 95°C). Slides were blocked with 5% normal goat serum for 1 hr at 

room temperature. The primary antibody (EDI -1:300, ED2 1:25, Desmin 1:250 diluted 

in PBS) was placed on the sections for 1 hr at room temperature. The secondary biotin 

conjugated antibody was placed on the slides for 1 hr at room temperature. The ABC 

reagent was then applied for 30 minutes. Slide were then incubated with the horseradish 

peroxidase substrate (0.5% DAB, 0.05% H2O2 in PBS). Nickel cobalt intensification was 

performed on the desmin stained slides (de Venecia and McMullen, 1994). Sections 

were rinsed in water followed by counterstaining with Gill's Haematoxyline (Sigma, St. 

Louis, MO). Slides were dehydrated through ethanol into xylene and coversliped. 
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Examples of the EDI, ED2 and desmin immunohistochemical stains are shown in Figure 

3. 

Scanning Electron Microscopy (SEND 

Glutaraldehyde fixed tissue samples were processed as previously described 

(Wisse et al., 1982). Samples were examined on a scanning electron microscope 

(International Scientific Instruments, Pleasanton, CA). For each animal, 10 periportal 

and 10 centrilobular sinusoidal walls were photographed at 7,200 x magnification. No 

more than 5 photos were taken fi-om a single tissue block. The photos were digitized on a 

flatbed scanner (ScanJet 6200C, Hewlet Packard, Palo Alto, CA). A graphics tablet 

(Wacom Technology Corp., Vancouver, WA) was used with Scion Image (Scion Corp., 

Frederick, MD) to quantify and calculate fenestrae diameters, numbers, and density. A 

representative micrograph is shown in Figure 4. Univariate statistical analysis was used 

to determine whether fenestrae clustering differences were present. 
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Figure 3. Examples of immunohistochemically stained EDI, ED2 and Desmin positive 
liver cells in both the periportal and centrilobular hepatic regions. A and B. EDI 
immunohistochemical stain. C and D. ED2 immunohistochemical stain. E and F. 
Desmin immunohistochemical stain with nickel/cobalt intensification. 245 x 
magnification 
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Figure 4. Example of SEM photomicrograph of liver sinusoidal endothelial cell wall. 
Arrows indicate fenestrae arranged in sieve plates. I0,039X magnification 
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Intestinal Microbial Characterization 

Samples of intestinal contents were analyzed by the University Animal Care 

Veterinary Diagnostic Laboratory. Microbial characterization of gram-negative bacteria 

was performed using the Enterotube II identification system (Becton Dickinson 

Microbiology System, Cockeysville, MD). 

Measurement of Portal Venous Endotoxin TLPS) 

Endotoxin levels were measured in portal blood using an automated kinetic 

turbidimetric Limulus ameobocyte lysaste assay as described by Urbaschek et al 

(Urbaschek et al., 1985). Limulus ameobocyte lysate, endotoxin standards, and 

endotoxin free water were purchased from Associates of Cape Cod (Woodshole, MA). 

Reverse Transcription — Polymerase Chain Reaction fRT-PCR") for TNF^. 

Total RNA was isolated from frozen liver tissue using the Atlas RNA isolation 

procedure as described by the manufacturer (Clontech, Palo Alto, CA). A RNA sample 

was electrophoresed on a denaturing gel to check for sample degradation. If no 

degradation was detected, 10 ^g of total RNA was diluted into 20 |il and heated to 65°C 

for 5 minutes. The 20 (il of RNA was reverse transcribed in a 100 reaction containing 

IX PCR buffer, 3.75 mM MgCb (Sigma, St. Louis, MO), 4 mM dNTPs, 2.5 fiM random 

hexamers, 200 U RNase inhibitor (RNasin, Promega, Madison, WI) and 250 U reverse 

transcriptase. Unless otherwise indicated all reagents were purchases from PE 

Biosystems (PE Biosystems, Branchburg, NJ). Once all the reagents were mixed 
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samples were incubated 20 minutes at 25°C, 15 minutes at 42°C, and finally 5 minutes at 

99°C. 

Competitive polymerase chain reaction was performed using 10 ^l of the reverse 

transcription reactions. Fifty |j.1 PCR reactions contained 10 (il reverse transcription 

reaction, IX PCR buffer, 1 |il competitor, 0.2 mM TNFa primers (5' - TGA GCA CAG 

AAA GCA TGA and 3' - AC A CCG TCA GCC GAT TTG) and 1.25 U Taq polymerase 

(PE Biosystems Branchburg, NJ). PCR reactions were performed for 32 cycles (94°C 1 

minute, 58°C 45 seconds, 72°C 2 minutes). Four PCR reactions were set up per sample. 

Stock TNFa mimic competitors solutions were at concentrations of 0.5, 0.1, 0.05, and 

0.01 attomoles per fil. The TNFa competitor fragment was constructed using the PCR-

MIMIC construction kit according to manufacture instructions (Clontech, Palo Alto, CA). 

The competitor produced a 412 base pair product, while the native TNFa cDNA produced 

a 483 base pair product (Appendix I). Twenty |il of each PCR reaction was 

electrophoresed on a 2% agarose gel. Images were captured and densitometry was 

performed using a Bio-Rad gel documentation system (Hercules, CA). Linear regression 

analysis was performed using the densitometry log ratio of native/mimic-TNFa and the 

log competitor concentrations to determine the amount of TNFa message in the sample. 

Statistical Analvsis 

Analysis of variance (ANOVA), linear regressions, Fischer's Exact Test, and 

univariate analysis were performed using Intercooled Stata 6.0 (Stata Corp., College 

Station, TX). DifTerences were considered statistically significant if p < 0.05. 
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RESULTS 

Body and Liver Weights 

One way analysis of variance (ANOVA) with Bonferroni's pairwise comparision 

was used to determine statistically significant differences in body and liver weights. 

Statistically significant increases were observed between every 4 day time interval except 

for the 12-16 day interval. Sucklings body weights increased 9 fold bet\veen day 4 to day 

28 (Figure 5). 

Statistically significant increases in liver weight were observed only between days 

16-20, 20-24 and 24-28. Liver weights increased 11 fold from day 4 to 28 (Figure 6). 

WTien liver weights were expressed as a percentage of body weight no statistically 

significant differences were observed between any time points (Figure 7). The 

percentages ranged from 3% and 4.3% over the 28 days of observation. 
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Figure 5. Suckling and weanling rats total body weights. Statistically significant 
increases in body weight were observed between every 4 day time interval, except 
between days 12-16. Overall, between day 4 and day 28 there was an approximate 9 fold 
increase in body weight. Bars represent mean ± standard error. * p < 0.05 compared to 
previous time point. 
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Figure 6. Suckling and weanling rats liver weights. Statistically significant increases in 
liver weight were observed between days 16-20, 20-24 and 24-28. During the course of 
observations there was an approximate 11 fold increase in liver weights between days 4-
28. Bars represent mean ± standard error. * p < 0.05 compared to previous time point. 
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Figure 7. Liver as a percent of body weight in suckling and weanling rats. No 
statistically significant changes in liver as a percent body weight were observed. Over 
the course of study the percentage of body weight occupied by liver ranged from 3% to 
4.3%. Bars represent mean ± standard error. 
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Light Microscopic Observations 

Systematic point counting performed on light micrographs showed statistically 

significant increases in hepatocytes in single cell thick hepatocellular plates between days 

12-16 in both the periportal and centrilobular region, and between day 16-20 in the 

periportal region only (Figure 8). The day 4-8 time points were significantly different 

fi-om the day 16-28 time points. From day 4 to 28 the percent hepatocytes in single cell 

thick hepatocellular plates approximately doubled. Statistically significant differences 

between the periportal and centrilobular regions within individual time points were seen 

at days 12, 16 and 28 (Figure 8). 

Statistically significant increases in binucleated hepatocytes were seen between 

days 16-20 in both the periportal and centrilobular region (Figure 9). Statistically 

significant differences existed between the periportal and centrilobular regions at day 20. 

Days 4-16 were significantly different fi-om days 20-28. Overall the number of 

binucleated hepatocytes increased approximately 8 fold over from day 4-28 (Figure 9). 

By approximately day 20, all hematopoietic cells were lost from the liver (Figure 

10). Statistically significant changes were observed between days 4-8 and 16-20 in both 

the periportal as well as the centrilobular regions. Statistically significant differences 

between both the periportal and centrilobular regions within time points were observed 

between days 16 and 24, as well as between days 4 and 8-28 (Figure 10). 

Glucose-6-phosphatase staining at day 4 showed homogenous staining across the 

lobule (Figure 1 la). By day 8 a gradient of enzyme expression began to appear. 
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predominating in the periportal lobular region (Figure 1 lb). At day 12 the gradient had 

fully formed and is representative of what was observed at later time points up to day 28 

(Figure 1 Ic). 

Statistically significant increases in monocytic derived cells, EDI positive cells, 

were observed between days 4-8, and 20-24 (Figure 12). A statistically significant 

decrease was observed between days 12-16 and 24-28. While counting monocytic cells, 

granulomas were observed in days 20 and 24 liver. No statistically significant 

differences were observed between the periportal and centrilobular regions within any of 

the time points. 

ICupffer cells, ED2 positive cells, were stained first in 12 day old rats. In the 

periportal region 33.4 ± 8.5 cells per field (mean ± standard error) were observed and in 

the centrilobular region 28.1 ± 9.5 cell per field were observed (mean ± standard error). 

Statistically significant differences were observed between the periportal and the 

centrilobular regions within the day 12 time point, the only time point that was 

successfully evaluated. 

Hepatic stellate cells, desmin positive cells, showed statistically significant 

decreases between days 8-12 and 16-20 in both the periportal and centrilobular regions 

(Figure 13). A statistically significant increase in hepatic stellate cells was seen at day 

16. Statistically significant differences within groups between the periportal and 

centrilobular regions were seen only at day 12. 
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Figure 8. Percentage hepatocytes in single cell thick hepatocellular plates. The day 4-8 
time points were significantly different from the day 16-28 time points. Overall, between 
day 4 and day 28 hepatocytes in single cell thick hepatocellular plates doubled. Bars 
represent mean ± standard error. - periportal region, || - centrilobular region. * 
p<0.05 compared to previous time point. # p<0.05 periportal compared to centrilobular 
region within time point. + p< 0.05 compared to days 4-8. 
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Figure 9. Binucleated hepatocytes present in the liver. Statistically significant increases 
in binucleated hepatocytes were seen between days 16-20 in both the periportal and 
centrilobular regions. Days 4-16 were significantly different from days 20-28. Bars 
represent means ± standard error. Q — periportal region, | - centrilobular region. * 
p<0.05 compared to previous time point. + p< 0.05 compared to days 4-16. 
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Figure 10. Quantification of liver hematopoietic cells. Statistically significant decreases 
in hematopoietic cells were seen between day 4-8 and 16-20. Statistically significant 
differences were seen between the periportal and centrilobular regions within the day 16 
and 24 groups. Singnificant differences were also found between day 4 and days 8-28. 
The difference did within the time points did not favor either the periportal or 
centrilobular region. Bars represent mean ± standard error. • - periportal region, | -
centrilobular region. * p<0.05 compared to previous group. # p<0.05 between 
periportal and centrilobular region withm time points. + p< 0.05 compared to day 4. 
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Figure 11. Example of developing gradient of glucose-6-phosphatase enzyme 
histochemistry in suckling rats. A. 4-day old suckling. B. 8-day old suckling. C. 12-
day old suckling. PV - portal vein, CV - central vein. 229 x magnification 
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Figure 12. Moncylic derived cells (EDI positive cells) in the liver. Statistically 
significant differences were seen between days 4-8, 12-16, 20-24 and 20-28. No 
statistically significant differences were observed between the periportal and 
centrilobular regions within any time point. Bars represent mean ± standard error. Q -
periportal region, | - centrilobular region. * p<0.05 compared to previous time point 
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Figure 13. Hepatic stellate cells (Desmin positive cells) in the liver. Statistically 
significant differences were seen between day 8-12, 12-16 and 16-20. No statistically 
significant differences were observed between the periportal and centrilobular regions 
within any time point. Bars represent mean ± standard error. Q - periportal region, | -
centrilobular region. * p<0.05 compared to previous time point 
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Scanning Electron Microscopy 

Slight changes in diameters of the fenestrae (99 to 106 rim) were seen over the 28 

day time course (Figure 14). A statistically significant decrease in fenestrae diameter 

occurred at day 12, followed by an statistically significant increase at day 16 (Figure 14). 

The day 20-28 groups showed that periportal fenestrae were significantly larger in 

diameter than centrilobular fenestrae. 

Even though fenestrae density across the surface of the sinusoidal endothelium 

did not significantly change between time points, there was a trend for fenestrae density 

to increase over time (Figure 15). Statistically significant increases were seen when the 

early times points, days 4 and 8, were compared to the day 20 time point (Figure 15). 

Overall the density of fenestrae ranged from 4.5 to 11.5 fenestrae per square micron. 

W^iile not statistically significant at all time points, except for day 20, the centrilobular 

area tended to have more fenestrae (Figure 15). 

Even though there were no statistically significant differences in porosity, the 

percentage of surface area occupied by fenestrae, between time points, there was a trend 

that with increasing age porosity increases. Statistically significant increases in porosity 

were seen when the day 4 and 8 groups were compared to the day 20 time point (Figure 

16). At day 20 the centrilobular region was significantly larger than the periportal region. 

Overall the area occupied ranged fi-om 3.8 - 9.2% over the 28 day time period. 
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Figure 14. Diameters of sinusoidal endothelial cell fenestrae. Small fluctuations in 
fenestrae diameter were observed over the 28-day period. Fenestrae ranged from 99 to 
106 rjm in diameter. At day 12 there was a statistically significant decrease in fenestrae 
diameter in both the periportal and centrilobular regions, which by day 16 had increased 
back to day 8 diameters. Bars represent mean ± standard error. - periportal region, 
I - centrilobular region. # p<0.05 between periportal and centrilobular region within 
the 8 day time point 
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Figure 15. Density of fenestrae per square micron endothelial cell surface area. No 
statistically significant changes were observed between time points. At day 20 there was 
a significant difference in fenestrae density between the periportal and centrilobular 
regions. There was a tendency for fenestrae density to increase with time. Q — 
periportal region, | - centrilobular region. Bars represent mean ± standard error. 
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Figure 16. Sinusoid porosity (percentage sinusoidal endothelium surface area occupied 
by fenestrae). No significant differences in porosity were observed between any time 
points, although a trend did exits for increasing porosity with age. At day 20 a 
statistically significant difference was observed between the periportal and centrilobular 
region. Bars represent mean ± standard error. Q - periportal region, | - centrilobular 
region. # p<0.05 between periportal and centrilobular region within the treatment group 
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Microbial Characterizaiton of Colon Contents 

Two species of gram-negative bacteria were identified in suckling and weanling 

colon contents, Escherica coli and Enter obacter sp. (Table 2). Fischer's exact test found 

statistically significant differences in E. coli, but did not find any statistically significant 

difference in Enterobacter sp.. E. coli first appeared in 17% of the 8 day old sucklings, 

and from day 12 onward 100% had E. coli in their colon contents. 
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Table 2. Microbial species in suckling colon contents. Statistically significant 
differences were observed in E. coli, as 17% of day 8 and 100% of day 12-28 had E. coli 
in their colon contents. * p < 0.05 
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Percent Sucklings and Weanlings With 
Bacterial Species At Various Ages 

4 8 12 16 20 24 28 

Enterobacter sp. 50% 17% 0% 0% 0% 0% 0% 

E. coli* 0% 17% 100% 100% 100% 100% 100% 
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Portal Venous Blood Endotoxin 

While no statistically significant differences in portal blood endotoxin levels were 

observed at any time points, there was a trend towards increasing endotoxin levels with 

age. At day 28 a tendency for decreased portal venous endotoxin was observed. Values 

ranged from 0 to 2.9 pg/ml (Figure 17). 
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Figure 17. Temporal portal venous endotoxin blood concentrations following birth. No 
statistically significant differences in portal blood endotoxin were observed. However a 
trend did exist that with increasing age portal venous blood endotoxin levels increased. 
At day 28 a tendency for decreased portal venous endotoxin was observed. Bars 
represent mean ± standard error. 
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Reverse Transcription — Polymerase Chain Reaction (RT-PCR) for TNF„ 

No statistically significant differences in TNFQ messenger RNA expression were 

observed at any of the time points. While not statistically significant the 24 day time 

point had large variability in liver TNFA messenger RNA (Figure 18). 
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Figure 18. Temporal expression of liver TNFa messenger RNA following birth. No 
statistically significant differences in TNFa were seen at any time points. Compared to 
the other time points the day 24 groups had much larger variability in the data. Bars 
represent mean ± standard error. 
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DISCUSSION 

Body Weights 

The body weights of dam-fed sucklings and weanlings increased from day 4-28 

approximately 9 fold and liver weights increased approximately 11 fold. 

Hepatocvtes 

Morphological measurements of the percentage of hepatocytes residing in single 

cell thick hepatocellular plates demonstrated that from day 4-28 the number 

approximately doubled in both the periportal and centrilobular regions (40% single 

hepatocytes). Temporal increases in the percent hepatocytes in single cell thick 

hepatocellular plates have been reported at approximately the same ages (Alexander et 

al., 1997). These authors observed that by day 28 approximately 85% of hepatocytes 

were in single cell thick hepatocellular plates, but did not distinguish between the 

periportal and centrilobular regions (Alexander et al., 1997). Compared to the present 

study, Alexander et al observed approximately twice as many hepatocytes in single cell 

thick hepatocellular plates at day 28. This difference may be the result of the authors not 

having controlled the sizes of their litters, as no mention of litter sizes were found in their 

report. For example, assume a group of dams were bred and had litters of 13 suckling 

rats. At regular time intervals, 2 sucklings rats were removed from the litter. In this 

situation at the beginning of this study there would be competition for nutrients between 

sucklings as a dam rat has 10 teats for nursing sucklings. By the end of the study, no 

competition for nutrients would exist and the older animals would have more milk 

available to them, resulting in more developed animals. The present study adjusted litter 
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sizes using donor pups to ensure that each litter had 10 pups at each time point examined. 

Another possibility explaining the differences also may be the result of the blinded 

observer in the present study applying more stringent criteria for counting single cell 

thick hepatocytes. In agreement with previous reports, all of the time points had more 

single cells thick hepatocytes in the centrilobular area, confirming that the centrilobular 

region reorganizes before the periportal region becoming more linear and radialy oriented 

around the central vein as is seen in the adult (Elias et al., 1971). 

Using the acinar model of zones, it has been shown that the majority of 

hepatocytes undergoing DNA synthesis and mitosis are prevalent in the zone 1, while 

binucleated hepatocytes are more prevalent in the zone 3 in adult animals (LeBouton, 

1976; LeBouton and Marchand, 1970). It is for this reason that binucleated hepatocytes 

are considered an indicator of hepatocyte maturation and differentiation. In the present 

study, binucleated hepatocytes significantly increased from days 20-28. These results are 

in agreement with previous temporal observations made in suckling and weanling rats, 

which showed a statistically significant increases in binucleated cells at postnatal day 20 

(LeBouton, 1976). In the present study, however, no statistically significant differences 

were seen spatially between the periportal and centrilobular region at any time points. 

These differences are likely explained by the fact that the areas examined in present study 

were 18,225 fa,m^ (135 (im x 135 fim) areas directly adjacent to portal and central veins. 

The previous study made measurements by dividing the distance betvveen two central 

veins into six circles of equal diameter to define zones (central vein -Z3—Z2-Zl-Zl-Z2-

Z3-central vein) and counted binucleated cells with each circle (LeBouton, 1976). 
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Counting by this method would exclude the portal areas counted in the present study and 

would include septal sinusoids in the periportal region measurement (zone 1), possibly 

accounting for some of the differences seen bet\veen previous and present reports. 

Glucose-6-phosphatase is expressed in hepatocytes from embryonic day 21 and is 

slightly elevated compared to adult levels until the 4'^ postnatal week (Shelly et al., 

1993). In the adult, the pattern of enzyme expression predominates in the periportal liver 

region and tapers off in a gradient toward the centrilobular region (Katz 77, Teutch 78,81, 

Heldebrand 86, Dhaff 87, Sokal 1989). At birth, the enzyme is expressed in a slight 

gradient as 16% more enzyme activity was reported in the periportal region (Sokal et al., 

1989). By day 20, the gradient was identical to the adult expression pattern, 

approximately 2 fold increase in enzyme activity in the periportal region (Sokal et al., 

1989). In contrast to these results, glucose-6-phosphatase activity in the present study 

appeared homogeneously expressed across the lobule in the day 4 sucklings, and by day 8 

days a gradient had began to form across the lobule. At day 12, the gradient was fully 

established and was representative of what was seen through day 28 and in adult rats. The 

differences between the present study and the previous report may be due to several 

reasons. One reason may be strain specific, as Sokal's study was performed in Wistar 

rats while Sprague Dawley rats were used in the present study. Another possibility may 

be that Sokal performed microdensitometry on the periportal and centrilobular regions to 

quantify staining, while in the present study sections were examined visually by a blinded 

observer who may not have been able to detect a 16% difference between the periportal 

and centrilobular regions. The present study shows that the glucose-6-phosphatase 
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gradient is formed across the liver lobule between days 4 and 12 in suckling rats and the 

gradient observed in the day 12 suckling rat is representative of what was seen in the later 

time point and adult rats. 

Sinusoidal Endothelial Cells 

Overall no changes in the diameters, density or porosity of fenestrae were 

observed over the 28 day period. Fenestrae diameters have been previously reported in 

adult rats (periportal 106 r)m, centrilobular 101 tjm) (Wisse et al., 1982). The day 28 rats 

are closest in age to adult rats and had values that agree with these published observations 

(periportal 105, centrilobular 101 nm). However, fenestrae density ranged from 4.25 to 

11.25 fenestrae per square micron and the porosity ranged from 3.8 to 9.2% which differ 

from the previously reported adult values (9.4 - 13.5 fenestrae per um^, 5.5 - 7.4% 

porosity) (Wisse et al., 1982). These differences may be strain and age specific as the 

previously reported observations were made in 200 g adult Wistar rats while, in the 

present studies, the oldest rats were day 28 and weighed approximately 90 grams. 

Another less likely explanation for these differences may be that the previous study used 

2% sucrose in their fixative solution, which the present study did not include, to improve 

liver perfusion, which may resulted in some liver dehydration altering their 

measurements. From the present study it is concluded that by day 28 fenestrae density 

and porosity had not reached the levels observed in adults. 
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KupfFer Cells 

Under appropriate conditions monocytic cells can be recruited to the liver and 

over a period of time differentiate into Kupffer cells (Bouwens et al., 1986c; Daemen et 

a!., 1989; Itoh et al., 1992; Sleyster and Knook, 1982). Following birth, increases in 

Kupffer cells have been reported in the human infants (Cope and Dilly, 1990). The 

normal temporal and spatial pattern of mononuclear derived cells in the liver 

demonstrated that early at days 8 and 12 there is an increase in monocytic derived cells, 

which decreases over time. At day 24, a statistically significant increase in moncytic 

derived cells was observed. This is likely explained by the unexpected presence of liver 

granulomas in day 20 and 24 weanlings, which indicated that some sort of hepatic injury 

had occurred and resulted in the recruitment of monocytic derived cells to the liver, 

explaining the observed increase at day 24. Granulomas only were seen in the 

experiments performed for immunohistochemistry and RT-PCR. Therefore, only the 

EDI and desmin immunohistochemistry and TNFQ messenger RNA measurements were 

effected by the presence of the granulomas. 

The proportion of monocytic cells that have differentiated into Kupffer cells is 

only known for the day 12 animals (see Chapter 3). In agreement with obser\'ations 

made in adult rats Kupffer cells numbers were greater in the periportal region (Bouwens 

et al., 1986a; Lough et al., 1987). Multiple attempts were made to stain Kupffer cells 

with the ED2 antibody from the other treatment groups, without success. After 

contacting the antibody manufacture to discuss the problem it was learned that due to 

new legal restrictions, the ED2 antibody could no longer be produced as an ascites, but 
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was now an affinity purified hybridoma supernatant. This new product clearly did not 

work on our tissue sections, most likely due to changes in the antibody manufacture 

process and the paraformaldehyde fixed paraffin embedded tissues. Plans have been 

made to repeat these studies using cryosections. 

Hepatic Stellate Cells 

The numbers of hepatic stellate cells, desmin positive cells, are known to decrease 

starting in the embryonic and postnatal periods continuing postnataly to adult levels 

(Kiassov et al., 1995). While these authors only examined from embryonic day 16 to 

postnatal day 5 and adults, the present study showed that a statistically significant 

decrease in hepatic stellate cells occurs between days 8 and 12. Day 16 showed increases 

in hepatic stellate cells relative to day 12. Whether this increase is real is unknown as the 

increase obser\'ed may be indicative of the initial events leading to the granulomas 

observed in the day 20 to 24 animals. A very slight increase in the number of hepatic 

stellate cells has been reported previously in the periportal region in the human (Horn et 

al., 1988), while greater number of hepatic stellate cells were observed in the periportal 

regions of the pig liver (Wake and Sato, 1993). However, in the present study no spatial 

hepatic stellate cell differences were observed between the periportal and centrilobular 

regions at any time point. 

Hepatic Hematopoiesis 

During the embryonic period the liver functions primarily as a hematopoietic 

organ. Beginning prior to birth hematopoietic function in the liver gradually decreases 
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and is taken over by the bone marrow (Palis and Segel, 1998). It has been reported that 

hepatic hematopoietic function is lost by postnatal day 10 in suckJing rats (Nagel, 1968). 

In contrast, a subsequent report found that liver hematopoiesis is lost around day 20 

(Sokal et al., 1989). This difference may be attributable to litter sized as Sokal's study 

reported average litter sizes to be 7 sucklings (litters ranged from 4-11 sucklings), while 

the litter size in the latter study is unknown. The current studies, which controlled for 

litter size, agree with the later report as hematopoietic cells were lost by approximately 

day 20. 

Arguments have been made for (Nessi and Bozzini, 1979; Nessi and Bozzini, 

1980; Nessi et al., 1981) and against (Medlock and Haar, 1983; Medlock and Haar, 1983) 

hematopoietic cells preferentially localizing to specific regions of the hepatic lobule. In 

the present study no spatial differences in numbers of hematopoietic cells were seen 

between the periportal and centrilobular regions. These results indicate that 

hematopoietic cells do not localize preferentially to a particular region of the lobule, but 

are randomly distributed throughout the lobule in agreement with Medlock (Medlock and 

Haar, 1983; Medlock and Haar, 1983). 

Colon Microflora and Endotoxin 

Following birth temporal changes in colon microbial flora are known to occur 

(Brunei and Gouet, 1993). In the present study statistically significant differences were 

observed in E. coli from day 4-28. E. coli first appeared at day 8 in 17% of the sucklings 

and from day 12 onward 100% had E. coli in their colon contents. Small amounts of gut-
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dervied endotoxin were seen in the day 8-28 sucklings. These amounts are considered 

normal as small amounts of gut-derived endotoxin, approximately 5 pg/ml, are normally 

found in portal venous blood of adult rats (Tamai et al., 2000). The portal venous 

endotoxin levels in the present study correlate with the gram-negative bacterial contents 

of the colon. No portal venous endotoxin was detected and no E. coli was present in the 

day 4 sucklings, while at day 8 E. coli first appeared in the colon microflora and 

endotoxin was first detected in portal blood. From day 12 onward all sucklings had £. 

coli in their colon contents and normal small amounts of portal venous endotoxin were 

absorbed from the E. coli that had colonized colons. At day 28 there was a tendency for 

portal venous endotoxin levels to decrease, suggesting that at this time intestinal 

permeability to gut-derived endotoxin decreases. 

Hepatic TNF„ 

Endotoxin is a potent stimulus for TNFa production by monocytic derived cells 

(Old, 1985), including Kupffer cells (Busam et al., 1990). Kupffer cells represent 8-12% 

of all liver cells (Gebhardt, 1992) are the main source of TNFa in the liver (Decker, 

1990). No statistically significant differences in TNFa messenger RNA were observed 

between any of the time points. Although not significant, at day 24 there was a tendency 

for TNFa messenger RNA to increase in the liver. This is most likely explained by the 

presence of liver granulomas in the day 20 and 24 sucklings, again indicating some sort 

of hepatic injury had occurred around this time. Even with the appearance of the 

granulomas at the later time points it is clear that at the earlier time points (days 4-12), 

where no granulomas were observed, the concentrations of portal blood endotoxin was 



98 

not sufficient to cause a statistically significant increase in liver TNFa messenger RNA 

production. 

Summary 

In summary, the present study characterized the normal temporal development of 

the suckling rat liver. During this period a 2 fold increase in the reorganization 

hepatocellular plates from multiple to single cell thickness occurred, significant increases 

in binucleated hepatocytes were seen at day 20, the heterogeneous enzyme gradient for 

gIucose-6-phosphatase developed between day 4 and 8, and the loss of liver 

hematopoietic tissue was complete by day 20. There was a slight tendency for sinusoidal 

endothelial cell fenestrae density and porosity to increase with age. Monocytic derived 

cells increased at day 8, remained elevated at day 12 and decreased with age (with the 

exception of the day 24 group with the unexpected granulomas in their livers). Hepatic 

stellate cell numbers decreased temporally with the largest decrease occurring between 

day 8 and 12. Significant changes in gut microbial flora occur during the suckling period 

that correlates with the appearance of normal amounts of portal venous endotoxin and 

increases in monocytic derived cells. Additionally, this study demonstrates that during 

the suckling and weanling period temporal changes in TNFa messenger RNA do not 

occur (with the exception again of the day 24 groups with unexpected granulomas in their 

livers). 

This information provides a baseline for future study of suckling rat liver 

development that can be used to determine whether liver development can be modulated 
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by nutrients, drugs, toxicants and other biologically active substances. This chapter 

serves as a reference for Chapter 3, which evaluates the role of milk-bome EGF on 

suckling rat liver development. 



100 

CHAPTER 3 -DEVELOPMENT OF THE LIVER IN ARTIFICIALLY REARED 
SUCKLING RATS FED RAT MILK SUBSTITUTE SUPPLEMENTED WITH 

EPIDERMAL GROWTH FACTOR 

INTRODUCTION 

Breast milk is a species specific nutritive media comprised of nutrients, milk cells, 

immunoglobulins and biologically active substances. One of the greatest differences 

between breast milk and artificial milk formulas is the lack of biologically active 

substances (Koldovsky, 1995). Among these biologically active substances present in 

breast milk and absent in artificial milk formulas is epidermal growth factor (EGF). 

EGF is present in breast milk in many mammalian species including the rat. 

Milk-bome EGF is protected from degradation in the intestinal contents and is absorbed 

from the intestine functionally intact (Thomburg et al., 1984). The liver takes up the 

majority of intravenously administered EGF (Kong et al., 1992), and the EGF receptor is 

present in the liver (Jorgensen et al., 1988; Juhl et al., 1994). 

EGF is known to be a potent growth and differentiation factor in the intestine 

(Arsenault and Menard, 1987; Beaulieu et al., 1985; Johnson and Guthrie, 1980; Malo 

and Menard, 1982; Oka et al., 1983). EGF administered enterally to suckling rats has 

been reported to cause increases in intestinal growth and maturation (Berseth, 1987a; 

Berseth, 1987b; Pollack et al., 1987), accelerate gastrointestinal injury repair (Konturek 

et al., 1992; Petschow et al., 1993; Read et al., 1992; Zijlstra et al., 1994) and decrease 

spontaneous bacterial translocation (Okuyama et al., 1998). Additionally, EGF may 

have therapeutic uses as it has been reported to accelerate healing in a child with 
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necrotising enteritis (Sullivan et al., 1991) and increased the intestinal surface area in 

children with congenital microvillous atrophy (Drumm et al., 1988; Walker-Smith et al., 

1985). 

Injecting pharmacological doses of EGF 28 days to adult rats has been reported to 

cause anemia, increases in gut, liver, and bladder weights due to cellular hyperplasia 

(Breider et al., 1996; Vinter-Jensen et al., 1996a; Vinter-Jensen et al., 1996b; Vinter-

Jensen et al., 1995a). Growth promoting effects were also observed in Goettingen 

minipigs, especially in the urinary tract (Vinter-Jensen et al., 1995b). In general long 

treatment with pharmacological doses of EGF caused epithelial cell hyperplasia that 

resulted in increased growth (Breider et al., 1996; Vinter-Jensen et al., 1996a; Vinter-

Jensen et al., 1996b; Vinter-Jensen et al., 1995a; Vinter-Jensen et al., 1996c; Vinter-

Jensen et al., 1995b). 

While several studies have examined the role of milk-bome EGF in the intestine, 

few studies have examined what effects enterally administered physiologically relevant 

doses of EGF (< 50(i.g/kg day) may have on the liver (Opleta et al., 1987), especially 

milk-bome EGF (McCuskey et al., 1997a). 

Previous studies reported that the numbers of both sinusoids containing flow and 

phagocytic Kupffer cells were increased in suckling rats artificially fed rat milk substitute 

supplemented with physiological amounts of EGF (37 ng/kg day) between postnatal days 

8-12 (McCuskey et al., 1997a). Additionally this report showed that EGF topically 

applied to the liver of dam fed sucklings increased the diameter of the sinusoid. This 
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result clearly demonstrated that orogastricly administered milk-bome EGF resulted in 

physiological changes in the liver. Therefore, the present study was undertaken to 

determine what effects a physiologically relevant amount of milk-bome EGF has on 

development of the suckling rat liver. 

Infants fed artificial milk formula have significant changes in the composition of 

colon microbial flora compared to breast fed infants (Wharton et al., 1994). This study 

additionally set out to determine whether rat milk substitute (RMS) or RMS 

supplemented with EGF altered suckling rat intestinal microbial flora, possibly resulting 

in increases in both portal blood endotoxin and tumor necrosis factor (TNFa) production. 

MATERIALS AlsTD METHODS 

Animals 

All experiments described were performed under approved University of Arizona 

lACUC protocols and within the guidelines of the National Institutes of Health. Female 

Sprague Dawley rats, from our own breeding colony, were bred for these studies. 

Following birth the number of suckling rat pups per litter was reduced to 10 animals. At 

this time sucklings were exchanged between mothers to minimize any litter specific 

effects. Eight days postpartum the sucklings were anesthetized with Halothane and a 

polyethylene cannula with a hook-shaped end (PE-20, Clay Adams/Benton Dickinson 

and Co., Parsippany, NJ) was inserted into the stomach using a 16 G Catheter Placement 

Unit (Critikon/Johnson & Johnson, Tampa, FL). The cannula then was attached to each 

rat pup by means of subcutaneous suturing with the cannula exiting at the thoracic 
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vertebral area. During and after surgery, sucklings were kept warm on heating pads. 

Following post-surgical recovery, which included a two-hour fast, pups were weighed 

and the volume of artificial milk to be given to each animal was calculated to deliver 

approximately 37% of body weight per 24 hour period. Pups were placed in plastic cups 

containing Bed O'Cobs corncob bedding (The Anderson's Management Corp., Maumee, 

OH) and floated in a 39°C water bath (Precision, Chicago, IL) for the duration of the 

feeding study to maintain the ambient temperature and humidity. The canulas were 

connected to syringes on an infusion pump (Harvard Apparatus, South Natick, MA). 

Pumps were maintained in a refrigerator and programmed to deliver the calculated 

volume of diet for 20 minutes followed by a 40 minute pause each hour. Initially, the 

pups received Pedialyte (Ross Laboratories, Columbus, OH) for two hours, then syringes 

were replaced to contain the appropriate diet (see below). The length of tubing from the 

refrigerator to the sucklings allowed gradual warming of the diet to room temperature. 

The sucklings were weighed and the volume of diet was recalculated daily. Twice daily, 

urination and defecation were induced by gently stimulation of the anogenital region. 

Artificially reared sucklings were either fed rat milk substitute (RMS, see Table 3) or 

RMS supplemented with 100 ng/ml rat epidermal growth factor (EGF, Harlan 

Bioproducts, Indianapolis, EN) (EGF). This concentration is approximately twice the 

amount present in breast milk and was used to compensate for loss and degradation of 

EGF upon mixing it into the RMS. Sucklings were used for the following experiments 

on day 12 postpartum. 
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Table 3. Composition of rat milk susbsitute (RMS). 
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Component g/kg diet 

. I 615 
Evaporated bovine whole milk 

Bovine serum albumin^ 36 

Intralipid 20% i.v. fat emulsion^ 292 

Sunflower oil 10 

Teklad vitamin mixture # 40060"* 4 

Supplemental vitamin mixture^ 0.56 

Salt mixture solution^ 10 

Non-calcium mineral mixture^ 6 

Calcium lactate solution (40 g/L) 10 

CaC03 solution (40 g/L) 10 

CuSO^ Solution (30 g/L) 0.57 

ZnS04 solution (380 g/L) 0.07 

Distilled water 6 

1 Nestle USA, Solon, OH 
2 USB, Cleveland, OH 
3 Pharmacia & Upjohn Co., Deerfield, IL 
4 Harlan Teklad, Madison W1 
5 Riboflavin (16.7 g/kg), niacin (26.0 g/kg), pyridoxal (13.9 g/kg), inositol (929.4 g/kg) 

and acorbic acid sodium salt (14.0 g/kg). 
6 NaCl (257 g/L) and KCl (7g/L) 
7 KH2PO4 (842 g/kg). MgS04 (152 g/kg), FeS04-7H20 (4 g/kg), KI (0.29 g/kg), NaF 

(0.246 g/kg), AISO4 (0.156 g/kg) and MnS04 (0.042 g^g). 
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Collection of Tissue Samples 

Separate experiments were performed at each of the time points. The first set of 

experiments were performed to obtain liver samples for microscopic examination. 

Sucklings were anesthetized with ether and their livers were exposed with an incision 

along the linea alba, followed by lateral subcostal incisions. The intestines were 

displaced gently to the animals left side to expose the portal vein. A loose silk ligature 

was carefully placed around the portal vein, which then was cannulated with a 24G 

catheter and held in place by tightening the ligature. A gravity fed bottle was elevated 9-

20 cm above the pup to provide physiological blood flow of 0.5 - 2 ml/'min (Barbera-

Guillem et al., 1986). Once tubing from the bottle was cormected to the cannula the liver 

was perfused with buffer (0.1 M sodium cacodylate buffer, pH 7.4) to clear the organ of 

blood. After the liver cleared, flow was switched to fixative (1.5% glutaraldehyde in 

buffer) and the liver was perfused until it hardened. One millimeter square thick samples 

were collected for scanning electron microscopy (SEM). 

In the second set of experiments, suckling livers and portal veins were exposed as 

described above. A portal blood sample was collected using a heparinzied 30G needle, 

the liver was removed, and a sample of colon contents was collected for microbiology. 

Liver samples were immersion fixed in fixative (4% paraformaldehyde in PBS), frozen in 

OCT (Sakara Fintek USA Inc., Torrance, CA) using liquid nitrogen or frozen in liquid 

nitrogen. 
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Light Microscopy 

Changes in the hepatocellular plates were quantified according to Alexander et al 

(Alexander et al., 1997). Briefly, micrographs of both the periportal and centrilobular 

regions (18,225 )am2 area, 135^m x ISS^m) were obtained with a Zeiss light microscope 

(Carl Zeiss Incorporated, Thomwood, NY) equipped with an Optronics CCD digital 

camera (Optronics, Goleta, CA). A point counting grid was overlaid using PhotoShop 

(Adobe Systems Inc., San Jose, CA). Counts were made of points overlying hepatocytes 

and whether that hepatocyte was in a single or multiple cell thick plate. From these same 

images hematopoietic cells per field also were counted. 

Glucose-6-Phosphatase Histochemistry 

Glucose-6-phosphatase enzyme activity was detected in liver sections using the 

method ofTeutsch (Teutsch, 1978). 

Immunohistochemistrv 

The monoclonal mouse anti-rat EDI and anti-rat ED2 antibodies were purchased 

from Serotec (Raleigh, NC). The rabbit anti-desmin antibody was purchased from 

Accurate Chemical (Westbury.NY). In between steps slides were washed 3 times for 5 

minutesin phosphate buffered saline (PBS pH 7.4), unless otherwise indicated. Five-

micron thick sections were cut from paraformaldehyde fixed paraffin embedded tissues. 

Sections were deparafinized and rehydrated into water. Slides were stained using the 

avidin biotin enzyme complex (ABC) system (Vector Labs, Burlingame CA). Antigen 

retrieval was performed on the anti-rat EDI and anti-desmin sections (10 mM citrate 



108 

buffer pH 6.0, 30 min 95°C). Slides were blocked with 5% normal goat serum for 1 hr at 

room temperature. The primary antibody (EDI -1:300, ED2 1:25, Desmin 1:250 diluted 

in PBS) was placed on the sections for 1 hr at room temperature. The secondary biotin 

conjugated antibody was placed on the slides for 1 hr at room temperature. The ABC 

reagent was then applied for 30 minutes. Slide were then incubated with the horseradish 

peroxidase substrate (0.5% DAB, 0.05% H2O2 in PBS). Nickel cobalt intensification was 

performed on the desmin stained slides (de Venecia and McMullen, 1994). Sections 

were rinsed in water followed by counterstaining with Gill's Haematoxyline (Sigma, St. 

Louis, MO). Slides were dehydrated through ethanol into xylene and coversliped. 

Scanning Electron Microscopy (SEM") 

Glutaraldehyde fixed tissue samples were processed as previously described 

(Wisse et al., 1982). Samples were examined on a scanning electron microscope 

(International Scientific Instruments, Pleasanton, CA). For each animal, 10 periportal 

and 10 centrilobular sinusoid wall were photographed at 7,200 x magnification. No more 

than 5 photos were taken from a single tissue block. The photos were digitized on a 

flatbed scarmer (ScanJet 6200C, Hewlet Packard, Palo Alto, CA). A graphics tablet 

(Wacom Technology Corp., Vancouver, WA) was used with Scion Image (Scion Corp., 

Frederick, MD) to quantify and calculate fenestrae diameters, numbers, and density. 

Univariate statistical analysis was used to determine whether fenestrae clustering 

differences were present. 
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Intestinal Microbial Characterization 

Samples of intestinal contents were analyzed by the University Animal Care 

Veterinary Diagnostic Laboratory. Microbial characterization of gram-negative bacteria 

was performed using the Enterotube EI identification system (Becton Dickinson 

Microbiology System, Cockeysville, MD). 

Measurement of Portal Venous Endotoxin 

Endotoxin levels were measured in portal blood using an automated kinetic 

turbidimetric Limulus ameobocyte lysaste assay as described by Urbaschek et al 

(Urbaschek et al., 1985). Limulus ameobocyte lysate, endotoxin standards, and 

endotoxin free water were purchased from Associates of Cape Cod (Woodshole, MA). 

Reverse Transcription — Polvmerase Chain Reaction ("RT-PCR) for TNF„ 

Total RNA was isolated from frozen liver tissue using the Atlas RNA isolation 

procedure as described by the manufacturer (Clontech, Palo Alto, CA). A RNA sample 

was electrophoresed on a denaturing gel to check for sample degradation. If no 

degradation was detected, 10 ug of total RNA was diluted into 20 fil and heated to 65°C 

for 5 minutes. The 20 jal of RNA was reverse transcribed in a 100 jil reaction containing 

IX PCR buffer, 3.75 mM MgCb (Sigma, St. Louis, MO), 4 mM dNTPs, 2.5 |iM random 

hexamers, 200 U RNase inhibitor (RNasin, Promega, Madison, WI) and 250 U reverse 

transcriptase. Unless otherwise indicated all reagents were purchases from PE 

Biosystems (PE Biosystems, Branchburg, NJ). Once all the reagents were mixed 
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samples were incubated 20 minutes at 25°C, 15 minutes at 42°C, and finally 5 minutes at 

99°C. 

Competitive polymerase chain reaction was performed using 10 |il of the reverse 

transcription reactions. Fifty jil PCR reactions contained 10 (il reverse transcription 

reaction, IX PCR buffer, 1 j^l competitor, 0.2 mM TNFa primers (5' - TGA GCA CAG 

AAA GCA TGA and 3' - ACA CCG TCA GCC GAT TTG) and 1.25 U Taq polymerase 

(PE Biosystems Branchburg, NJ). PCR reactions were performed for 32 cycles (94°C 1 

minute, 58°C 45 seconds, 72°C 2 minutes). Four PCR reactions were set up per sample. 

Stock TNFa mimic competitors solutions were at concentrations of 0.5, 0.1, 0.05, and 

0.01 attomoles per ^1. The TNFa competitor fragment was constructed using the PCR-

MIMIC construction kit according to manufacture instructions (Clontech, Palo Alto, CA). 

The competitor produced a 412 base pair product, while the native TNFa cDNA produced 

a 483 base pair product (Appendix I). Twenty (il of each PCR reaction was 

electrophoresed on a 2% agarose gel. Images were captured and densitometry was 

performed using a Bio-Rad gel documentation system (Hercules, CA). Linear regression 

analysis was performed using the densitometry log ratio of native/mimic-TNFa and the 

log competitor concentrations to determine the amount of TNFa message in the sample. 

cDNA Expression Array 

Messenger RNA was isolated from a single representative animal from the DAM, 

RMS and EGF-fed groups using the Atlas RNA isolation kit, followed by the mRNA 

separator kit according to manufacturer instructions (Clontech, Palo Alto, CA). One ug 
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of mRNA was used to prepare a labeled cDNA that was used to hybridize the Atlas 

Rat cDNA expression array according to manufacturer instructions (Clontech, Palo Alto, 

CA). Blots were exposed to x-ray film (Biomax, Kodak, Rochester, NY) with 

intensification screens overnight. Film was scanned on a flatbed scanner (ScanJet 6200C, 

Hewlet Packard, Palo Alto, CA) and densitometry was performed on images using Scion 

Image (Scion Corp., Frederick, MD). Average densities were standardized to the loading 

control glyceraldehyde-3-phosphate dehydrogenase (GAPD) and are expressed as ratios 

(target/loading control). 

Statistical Analysis 

Analysis of variance (ANOVA), linear regressions, Fischer's Exact Test, and 

univariate analysis were performed using Intercooled Stata 6.0 (Stata Corp., College 

Station, TX). Differences were considered statistically significant if p < 0.05. 
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RESULTS 

Body and Liver Weights 

No statistically significant differences in either liver or body weight were 

observed between the treatment groups (Figures 19 and 20). When liver weights were 

expressed as a percentage of body weights no statistically significant changes were 

observed and the values ranged from 3.1% to 4% (Figure 21). 
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Figure 19. Suckling rats total body weights. No differences in body weights were 
observed between any treatment groups. Bars represent mean ± standard error. 
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Figure 20. Suckling rat liver weights. No statistically significant differences in liver 
weight were observed between any treatment groups. Bars represent mean ± standard 
error. 
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Figure 21. Liver as a percent of body weight in suckling rats. No statistically significant 
changes in liver weight as a percent body weight were observed between treatments. 
Values ranged from 3.1 to 4.0%. Bars represent mean ± standard error. 



liver as % body weight 
rv3 CO 

b b b 



119 

Light Microscopy 

No statistically significant changes in the percentage of hepatocytes in single cell 

thick plates were observed between any feeding groups (Figure 22). Statistically 

significant differences were observed between the periportal and the centrilobular regions 

in both the DAM and EGF-fed groups. 

Binucleated cells were significantly decreased in the RMS-fed group, and 

significantly increased in the EGF-fed group when compared to the DAM-fed group in 

both the periportal and centrilobular regions (Figure 23). No differences between the 

periportal and centrilobular regions were observed within any feeding groups. 

No statistically significant differences in hematopoietic cells were observed 

between any treatments or within treatment in the periportal and centrilobular areas 

(Figure 24). There was a tendency for a reduction in the centrilobular region the EGF-fed 

group. 

Significant differences were not observed between the treatment groups in the 

formation of the glucose-6-phosphatase enzyme gradients across the lobule (Figure 25). 

Statistically significant increase in monocytic derived cells, EDI positive cells, 

were seen in both the RMS and EGF-fed sucklings compared to the DAM-fed sucklings 

(Figure 26). The EGF-fed group showed a statistically significant decrease in monocytic 

derived cells compared to the RMS-fed group. No differences were seen between the 

periportal and the centrilobular regions with all groups. 
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Statistically significant increases in Kupffer cells, ED2 positive cells, were 

obser\'ed in both the RMS and EGF-fed groups compared to the DAM fed group (Figure 

27). Statistically significant differences in Kupffer cells in both the periportal and 

centrilobular regions were seen within all feeding groups. 

Compared to the DAM-fed groups, statistically significant increases in hepatic 

stellate cells, desmin positive cells, were seen in both the RMS and EGF-fed groups in 

both the periportal and centrilobular regions (Figure 28). Statistically significant 

differences were seen between the RMS and EGF-treatment groups with fewer cells 

present in the EGF-fed group. 
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Figure 22. Percentage hepatocytes in single cell thick hepatocellular plates. No 
statistically significant differences in hepatocytes in single cell thick hepatocellular plates 
were observed betvveen feeding groups. Statistically significant differences were 
observed between the periportal and centri lobular region in both DAM and EGF-fed 
groups. Bars represent mean ± standard error. [] - periportal region, | - centrilobular 
region. # p < 0.05 comparing periportal and centrilobular region within groups 



% single hepatocytes 

lo 
o o o 

a 
> 

7J 

0) 

m 
o 
•n 



123 

Figure 23. Binucleated hepatocytes present in the liver. Compared to the DAM-fed 
sucklings statistically significant decreases in binucleated hepatocytes were observed in 
the artificially reared RMS-fed sucklings. The artificially reared EGF-fed sucklings had 
statistically significant increases in binucleated hepatocytes. No differences betvi^een the 
periportal and the centrilobular region were observed. Bars represent means ± standard 
error. [J - periportal region, | - centrilobular region. * p< 0.05 compared to DAM-
fed sucklings. 
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Figure 24. Quantification of liver hematopoietic cells. No statistically significant 
differences were observed between any treatments. []] - periportal region, |-
centrilobular region. Bars represent mean ± standard error. 
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Figure 25. Gradients of glucose-6-phosphatase enzyme expression across the liver lobule 
in DAM and artificially reared suckling rats. A. DAM-fed suckling. B. ElMS-fed 
suckling. C. EGF-fed suckling. PV — portal vein, CV — central vein. 264 x 
magnification 



128 

DAM 

RMS 

EGF 



129 

Figure 26. Monocytic derived cells (EDI positive cells) in the liver. Statistically 
significant increases in EDI positive cells in both the periportal and centrilobular regions 
were seen in the artificially reared RMS and EGF-fed groups. Statistically significant 
differences were also observed between the RMS and EGF-fed artificially reared 
sucklings. These changes were observed in both the periportal and centrilobular regions. 
No differences were observed between the periportal and the centrilobular regions in any 
feeding groups. Bars represent mean ± standard error. Q - periortal region, | -
centrilobular region. * p < 0.05 compared to DAM-fed sucklings. + p<0.05 compared 
to RMS fed sucklings. 
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Figure 27. Kupffer cells (ED2 positive cells) in the liver. Compared to DAM-fed 
sucklings, statistically significant increase in Kupffer cells were seen in the artificially 
reared RMS and EGF-fed sucklings. These changes were observed in both the periportal 
and centrilobular regions. While the difference was not statistically significant there was 
a slight trend that the artificially reared EGF-fed sucklings had more Kupffer cells than 
the artificially reared RMS fed sucklings. Bars represent mean ± standard error. Q -
periportal region, | - centrilobular region. * p<0.05 compared to DAM-fed suckling. # 
p<0.05 comparing periportal to centrilobular areas within groups. 
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Figure 28. Hepatic stellate cells (Desmin positive cells) in the liver. Compared to 
DAM-fed sucklings, statistically significant increases in hepatic stellate cells were 
observed in the centrilobular regions of both the artificially reared RMS and EGF-fed 
animals compared to DAM-fed animals. Only the RMS-fed artificially reared sucklings 
had statistically significant increase in the periportal area. Bars represent mean ± 
standard error. Q — periportal region, | - centrilobular region. * p<0.05 compared to 
DAM fed sucklings. 
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SEM 

No statistically significant changes in fenestrae diameter, density or porosity were 

seen between treatment groups or across periportal and centrilobular regions within 

feeding groups (Figures 29-31). Fenestrae diameters ranged from 97-103 r|m, fenestrae 

density ranged from 4.2 - 5.8 fenestrae / and porosity values ranged from 3.5 to 5% 

between treatment groups. 

Univariate statistical analysis was used to determine whether differences existed 

between feeding groups in fenestrae clustering into sieve plates. No significant 

differences in fenestrae clustering were observed between any feeding groups. 



136 

Figure 29. Diameters of sinusoidal endothelial cell fenestrae. No differences were 
observed between treatments or within treatments in the periportal and centrilobular 
regions. Diameters varied from 97 to 103 nm in diameter between regions and 
treatments. Bars represent mean ± standard error. Q - periportal region, [f -
centrilobular region. 
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Figure 30. Density of fenestrae per square micron endothelial cell surface area. No 
statistically significant changes density were observed between either the DAM-fed and 
the RMS or EGF-fed groups. Bars represent mean ± standard error. Q - periortal region, 
I — centrilobular region. 
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Figure 31. Percentage sinusoidal endothelium surface area occupied by fenestrae. No 
statistically significant changes in the percentage area occupied by fenestrae was 
observed between DAM- fed and artificially reared suckling fed either the RMS or EGF-
fed groups. Bars represent mean ± standard error. Bars represent mean ± standard error. 

- periportal region, || - centrilobular region. 
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Microbial Characterization of Colon Contents 

Microbiology of suckling intestinal contents identified four species of bacteria, 

Eschericia coli, Proteus sp., Klebsiella oxytoca, Klebsiella pneumonia and Citrobacter 

amalonaticus (Table 4). Fischer's exact test reveled statistically significant differences 

between the feeding groups in Klebsiella oxytoca and Citrobacter amalonaticus. 
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Table 4. Microbial species in suckling colon contents with various diets. Statistically 
significant differences were observed in Klebsiella oxytoca and Citrobacter amalonaticiis 
between treatments, n = 5. * p< 0.05. 
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% Sucklings With Bacterial Species 
With Various Diets 

DAM RMS EGF 

E. coli 100% 100% 60% 

Proteus sp. 0% 20% 0% 

Klebsiella oxytoca* 0% 80% 60% 

Klebsiella 
pneumonia 0% 0% 20% 

Citrobacter 
amalonaticus* 0% 0% 60% 
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Portal Venous Blood Endotoxin 

No statistically significant differences in portal venous endotoxin levels were 

observed betvveen any treatment groups. However, there was a trend of increased levels 

portal venous endotoxin in RMS and EGF-fed groups compared to DAM-fed group, with 

larger increases observed in the EGF-fed group (Figure 32). 



146 

Figure 32. Sucklings portal venous blood endotoxin levels. No statistically significant 
differences were observed between any treatment groups. Bars represent mean ± 
standard error. 
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Hepatic TNFo 

No statistically significant differences in the expression of TNFQ mRNA were 

seen between any of the groups (Figure 33). 
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Figure 33. Liver TNFa mRNA in different treatment groups. No statistically significant 
differences in the expression of TNFa mRNA were seen between any of the groups. 
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cDNA Expression Array 

The 50 genes with the largest differences between the RMS and EGF-fed 

sucklings are presented in Table 5. Results from the entire array are presented in 

Appendix B. 
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Table 5. cDNA expression array results. The 50 genes with the largest differences 
between the RMS and EGF-fed suckling are presented. Values reported are standardized 
to gIyceraldehyde-3-phosphate dehydrogenase (GAPD) and are expressed as a ratio (gene 
of interest/GAPD). Ratios are presented for all feeding groups for comparison. Results 
from the entire array are presented in Appendix B. 
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Gene Name DAM RMS EGF 

1 
PKR; double-stranded RNA-activated eIF-2a 
kinase 

0.824 1.253 0.495 

2 
neuroendrocrine protein 7B2 precursor; 
secretogranin V; SGNEl 

0.652 1.148 0.413 

jneuron-specific enolase (NSE); gamma 
Sienolase (EC 4.2.1.11); 2-phospho-D-glycerate 

'hydrolyase 
0.606 1.121 0.402 

4 Janus tyrosine protein kinase 1 (JAKl) 0.883 1.249 0.562 

5 
synaptic vesicle amine transporter (SVAT); 
monoamine transporter; vesicular amine 
transporter 2 (VAT2) 

0.592 1.091 0.414 

6 
secretogranin II precursor (SOU; SCG2); 
chromogranin C (CHGC) 

0.561 1.106 0.441 

7 
myelin-associated glycoprotein precursor (L-
MAG/S-MAG); brain neuron cytoplasmic 
protein 3 

0.592 1.141 0.485 

8 neuronatin 0.563 1.057 0.412 
9 muscarinic acetylcholine receptor M2 0.586 1.095 0.454 

10 
D(4) dopamine receptor; D(2C) dopamine 
receptor 

0.816 1.095 0.467 

11 
synaptobrevin 1 (SYBl); vesicle-associated 
membrane protein 1 (VAMPl) 

0.524 1.058 0.440 

12 Jak2 tyrosine-protein kinase; Janus kinase 2 0.758 1.080 0.463 
13 D(2) dopamine receptor 0.627 1.038 0.429 
14 glucose transporter type 1 (erythrocyte/brain) 0.668 1.051 0.457 
15 adenosine A1 receptor (ADORAl) 0.720 1.101 0.528 

16 
DOPA decarboxylase (DDC); aromatic-L-
amino-acid decarboxylase (EC 4.1.1.28) 

0.737 1.033 0.477 

17 
glycine receptor (GlyR) alpha-1 chain 
precursor (48 kDa); strychnine binding subunit 

0.566 0.965 0.423 

18 
delta-type opioid receptor (DOR-1); opioid 
receptor A 

0.619 1.036 0.494 

19 synaptic vesicle protein 2 (SV2) 0.638 1.025 0.498 

20 
DPDE3; cAMP-dependent 3',5'-cyclic 
phosphodiesterase 4D 

0.686 0.950 0.441 

21 
synaptobrevin 2 (SYB2); vesicle-associated 
membrane protein 2 (VAMP2) 

0.513 0.890 0.383 

22 
voltage-activated calcium channel alpha-1 
subunit (RBE-II); nickel-sensitive T-type 
calcium channel alpha-1 subimit 

0.733 1.068 0.563 

23 angiotensin converting enzyme (ACE; 0.669 1.015 0.511 
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Gene Name DAM RMS EGF 
somatic; dipeptidyl carboxypeptidase I; 
kininase II 

24 
fasl receptor; fas antigen precursor; Apo-1 
antigen 

0.719 0.995 0.492 

25 protein kinase C alpha type (PKC-alpha) 0.788 0.973 0.470 

26 
CD 30L receptor; lymphocyte activation 
antigen CD30; Ki-1 antigen; CD30 precursor 

0.865 1.120 0.619 

27 
Hck t>TOsine-protein kinase; p56-hck; 
hemopoietic cell kinase 

0.699 0.944 0.448 

28 
brain cholecystokinin/gastrin receptor; 
gaslrin/cholecystokinin type B receptor; CCK-
B receptor (CCK-BR) 

0.697 0.925 0.430 

29 

apopain precursor; CPP32 cysteine protease; 
caspase-3 (CASP3); interleukin-l beta 
convening enzyme-like protein (LICE); 
YAM A protein; SREBP cleavage activity 1 
(SCAl) 

0.691 0.984 0.492 

30 adenosine A2A receptor (ADORA2A) 0.680 1.008 0.520 

31 
cAMP phosphodiesterase 4A; DPDE2; dunce 
Drosophila homolog E2 

0.629 0.874 0.393 

32 Jak3 tyrosine-protein kinase; Janus kinase 3 0.727 0.916 0.436 

33 
cAMP-dependent 3',5'-cyclic 
phosphodiesterase; hormone-sensitive 

0.666 0.874 0.398 

34 
N-methyl-D-aspartate receptor (NMDARl); 
glutamate receptor subunit zeta 1 precursor; 
NRl 

0.683 0.924 0.450 

35 
caspase-1 (CASP3); interleukin-l beta 
convertase precursor (IL-IBC); IL-1 beta 
converting enzjTne (ICE) 

0.681 0.939 0.470 

36 synapsin 2A 0.654 0.936 0.468 

37 
muscarinic acetylcholine receptor M3 
(MACHR) 

0.677 0.935 0.468 

38 
tumor necrosis factor alpha precursor (TNF-
alpha; TNFA); cachectin 

0.708 1.037 0.570 

39 
receptor protein-tyrosine phosphatase zeta/beta 
(R-PTP-Z) 

0.675 0.952 0.512 

40 
dopamine transporter (cocaine-sensitive); 
sodium-dependent dopamine transporter (DA 
transporter; DAT) 

0.703 0.895 0.462 
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Gene Name DAM RMS EGF 

41 
rac-alpha serine/threonine kinase (RAC-PK-
alpha); protein kinase B (PKB); AKTl 

0.734 0.962 0.531 

42 glutamate metabotropic receptor 8 (MGLUR8) 0.605 0.887 0.458 

43 
Crk adaptor protein (CRX-II alternative splice 
variant); proto-oncogene c-crk 

0.883 0.912 0.486 

44 Seal; spinocerebellar ataxia type 1 0.624 0.914 0.489 

45 ras-related protein Rab2 0.666 0.848 0.424 

46 Rab-3a ras-related protein 0.690 0.864 0.446 

47 synaptotagmin IV (SYT4) 0.690 0.982 0.565 

48 
neuromedin K receptor (NKR); neurokinin B 
receptor; NK-3 receptor (NK-3R) 

0.509 0.789 0.372 

49 
G protein beta-adrenergic receptor kinase 2 
(beta-ARK2; EC 2.7.1.126) 

0.711 0.876 0.467 

50 
c-Jun N-terminal kinase 1 (JNKl); stress-
activated protein kinase gamma (SAPK-
gamma) 

0.733 0.862 0.454 
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DISCUSSION 

Body Weights 

EGF mediated changes in liver weights have been observed in rats and other 

mammals when either physiological EGF doses (50 ug/kg day) were administered 

chronically or when pharmacological EGF doses (>50 ug/kg day) were administered. 

Chronic continuous intravenous infusion of a pharmacological EGF dose (100-250 ug/kg 

day) for 4 weeks in adult Wistar rats caused increased liver weights due to periportal 

hepatocyte hypertrophy (Breider et al., 1996). This effect was not observed in the rats 

given a physiological EGF dose (25 ug/kg day). Opieta reported that chronic 

intraperitoneal injections of a physiological EGF dose (40 ug/kg day, postnatal days 3 to 

17) into rabbits caused increased liver weights, but if the same dose of EGF was 

administered orogastricly no differences in liver weights were observed (Opieta et al., 

1987). The present study found that the 4 day feeding treatment between post partum 

days 8 and 12 produced no differences in body weight, liver weight or liver expressed as 

a percentage of body weight between any of the feeding groups. It is not surprising that 

no differences were observed as the present study administered a physiological dose of 

EGF (37 ug/kg day) over a short period of 4 days in agreement with Opieta. 

Hepatoc\4es 

Postnatal morphological changes in hepatocytes include a rearrangement of the 

hepatocellular plates and increases in the number of binucleated hepatocytes (Alexander 

et al., 1997; LeBouton, 1976; LeBouton, 1974; LeBouton and Marchand, 1970). In the 

present study EGF supplementation of RMS did not result in any changes in hepatocytes 
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residing in single cell thick hepatocellular plates. Therefore, it does not appear that milk-

borne EGF plays a role in the normal postnatal rearrangement of the hepatocellular plates 

during the 8-12 day feeding period. 

Compared to the DAM-fed group, periportal and centrilobular binucleated 

hepalocytes were decreased significantly in the RMS-fed group and increased EGF-fed 

groups. The EGF-fed group had significantly more binucleated hepatocytes than the 

RMS fed group in both the periportal and centrilobular regions. This increase in the 

EGF-fed group was to a level observed in normal 20 day old weanlings, while the 

decrease observed in the RMS-fed suckling was to the level observed in 4 day old 

sucklings (see Chapter 2). Heterogeneity of binucleated cells across the lobule was not 

observed in any of the feeding groups as no statistically significant differences were 

found between the periportal and centrilobular regions within feeding groups, in 

agreement with the observations of Chapter 2. Previous unpublished observations of 

artificially reared sucklings fed RMS supplemented with EGF demonstrated increases in 

colchicine arrested mitosis and bromo-deoxyuridine incorporation in hepatocytes, 

demonstrating that milk-bome EGF stimulated hepatocyte proliferation (Le Bouton, 

2000). Given the present results, it is concluded that milk-bome EGF plays a role in the 

proliferation, differentiation and maturation of hepatocytes in the liver. 

EGF did not modulate the heterogeneous pattern of glucose-6-phosphatase 

staining across the lobule as no differences in glucose-6-phosphatase staining were 

observed between any of the feeding groups. This result is consistent with the enzyme 
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expression pattern reported in Chapter 2, which begins to develop prior to day 8 and is 

complete by day 12. This result is in contrast to a previous report that described the 

gradient of enzyme expression developing across the liver lobule between birth and 

postnatal day 20 (Sokal et al., 1989). The differences between the present study are likely 

species specific, as Sokal's study was performed in Wistar rats while Sprague Dawley 

rats were used in the present study. It is unlikely that this difference was due to litter size 

as Sokals litters averaged 7 sucklings (size ranged from 4 to 11) which would have 

produced minimal amount of competition for nutrients bet\veen suckling . 

Sinusoidal Endothelial Cells 

No differences in the diameters, density or porosity of fenestrae were seen 

between any feeding groups. Also, no differences in fenestrae clustering into sieve plates 

were seen between groups. No differences between the periportal and centrilobular 

regions were seen within any feeding group, although the periportal area tended to have 

larger fenestrae diameters while the centrilobular area had greater fenestrae density and 

porosity. These results demonstrate that EGF does not affect sinusoidal endothelial cell 

fenestrae diameters, density or porosity. This lack of effect may be explained by a report 

that the EGF receptor is not present in isolated rat liver sinusoidal endothelial cells 

(Vickers and Lucier, 1996). It is unknown whether sinusoidal endothelial cells have the 

EGF receptor in vivo. 
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Kupffer Cells 

RMS and milk-bome EGF increased in monocytic cells. The increase in the EGF 

group was not to the levels observed in the RMS-fed group, as the RMS-fed group had 

significantly more monocytic derived cells than the EGF-fed group. Monocytic cell 

heterogeneity across the lobule was not affected by EGF feeding as no statistically 

significant differences were observed between the periportal and centrilobular regions 

within the feeding groups. 

Kupffer cells, ED2 positive cells, are a differentiated subpopulation of the EDI 

positive monocytic derived cells. Compared to the DAM-fed group, statistically 

significant increases in Kupffer cells were seen in both the RMS and EGF-fed groups. 

No statistically significant differences were observed between the RMS and EGF-fed 

groups. Kupffer cells were heterogeneously distributed across the lobule as statistically 

significant differences between the periportal and centrilobular regions were observed in 

all feeding groups. 

EGF was not responsible for the increase in both monocytic derived cells and 

Kupffer cells as in the absence of EGF the RMS feeding caused increases in both cell 

types. The RMS-fed group had significantly more monocytic derived cells than the EGF-

fed group. Even though the differences are not statistically significant, there may trend 

for the EGF-fed group to have larger percentage of monocytic cells differentiate into 

Kupffer cells as more Kupffer cells were seen in the EGF-fed group. The mechanism for 

the increase in Kupffer cells occurs is unknown. It is unlikely that this effect would be a 
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direct effect of EGF as the EGF receptor has been reported not present in isolated rat 

Kupffer cells (Vickers and Lucier, 1996). It is unknown whether Kupffer cells have the 

EGF receptor in vivo. 

Stimuli that cause the recruitment of blood monocytic cells to the liver and 

differentiation into Kupffer cells, as well as Kupffer cell mitosis include endotoxin, 

infectious agents, xenobiotic biotransformation and the subsequent production of 

inflammatory mediators (Bouwens et al., 1986a; Bouwens et al., 1986b; Bouwens et al., 

1984; Bouwens et al., 1986c; Bouwens and Wisse, 1985; Geerts et al., 1988; Laskin and 

Pilaro, 1986; Laskin et al., 1988; Pilaro and Laskin, 1986; Wacker et al., 1986). It is 

possible that the recruitment of monocytic derived cells and differentiating into Kupffer 

cells in the liver is the result of normal low doses of gut derived endotoxin entering the 

portal circulation. Even though there were no statistically significant differences in portal 

venous endotoxin observed between any treatments, there was a tendency for both the 

RMS and EGF-fed groups to have greater amounts of gut-derived endotoxin, which may 

explain the increased numbers of Kupffer cells observed in the present study, as 

endotoxin is a stimulus for monocytic cell to differentiate into Kupffer cells (Decker, 

1990; Laskin et al., 1988). The lack of significant differences in portal venous endotoxin 

may be due to the large variability in endotoxin measurements and the small number of 

portal venous blood samples (n=6). However, these levels of portal blood endotoxin 

were not sufficient to modulate TNFa mRNA levels in any of the treatments. 
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Hepatic Stellate Cells 

The RMS diet alone increased numbers of hepatic stellate cells in the liver. EGF 

feeding also produced an increase, but not to the levels seen in the RMS-group. There 

were no statistically significant differences in hepatic stellate cells bet\veen the RMS and 

EGF-fed group, although a tendency did exist for the EGF-fed group to have less stellate 

cells. These results suggest that both RMS and EGF feeding may inhibit the normal 

developmental pattern of hepatic stellate cells since their numbers decrease with age 

(Kiassov et al., 1995). Minimal lobular differences in hepatic stellate cells favoring the 

periportal region have been reported in the human (Horn et al., 1988) and pig (Wake and 

Sato, 1993; Zou et al., 1998). In the present study hepatic stellate cells were not 

distributed heterogeneously across the liver lobule as no differences between the 

periportal and centrilobular regions existed in any feeding group. These results are in 

agreement with the observations of Chapter 2 and suggest that RMS is responsible for the 

increases as EGF during this postnatal 8-12 day feeding study did not alter the number of 

hepatic stellate cells. 

Liver Hematopoiesis 

Chronic subcutaneous EGF injections (30 ug/kg day) have been reported to cause 

anemia in sucking rats (Vinter-Jensen et al., 1998; Vinter-Jensen et al., 1996b). This may 

be the result of decreased liver hematopoietic tissue as fetal sheep injected with EGF 

have been reported to have decreased liver hematopoietic tissue (Thorbum et al., 1981). 

In the present study no statistically significant differences in liver hematopoietic cells 

were observed, suggesting that EGF does not modulate hematopoietic tissue in the liver 
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of suckling rats during postnatal days 8-12 or the dose and length of time of EGF 

administration were not sufficient to effect liver hematopoiesis. 

Colon Microflora and Endotoxin 

Studies from human infants have shown that feeding artificial milk formula alters 

colon microflora (Wharton et al., 1994). Additionally, it is known that the composition 

of suckling rats colon microbial flora is dependent on their mothers colon microbial flora 

(Brunei and Gouet, 1993). In the present study statistically significant changes in colon 

microbial flora were seen between treatments in Klebsiella oxytoca and Ciirobacier 

amalonaticiis. Interestingly, although not statistically significant, increased levels of 

portal blood endotoxin were seen in the RMS and EGF-fed groups. This increase in 

portal blood endotoxin may be partially explained by the fact that the RMS fed group had 

one and the EGF fed group had both of the two significantly different gram-negative 

microbial species found in suckling colon contents. 

Hepatic TNF„ 

Compared to the DAM-fed group the amounts of portal blood endotoxin were not 

sufficient to cause statistically significant changes in TNFamRNA in either the RMS or 

EGF-fed group. TNFa has been reported to prime hepatocytes for DNA synthesis and 

mitosis in response to mitogenic growth factors (Webber et al., 1998). In the present 

study TNFa does not appear to function as a growth stimulant under these conditions. 
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cDNA Expression Array 

The results from the cDNA expression array from a single representative suckling 

from each of the three feeding groups suggests that there are specific differences in gene 

expression between the RMS and EGF-fed groups. It appears that there are differences 

between the RMS and EGF-fed groups, which are not the result of the artificial diet. 

However, caution must be used before making any conclusive statement about gene 

expression based on the cDNA expression array as it predicted a 2 fold increase in TNFa 

production in the RMS-fed group compared to the EGF-fed group. Competitive PGR 

analysis of the DAM, RMS and EGF-fed groups showed no differences in TNFa- This 

result brings in to question how "representative" the single RMS-fed suckling rat was for 

the group and emphasizes the necessity of analyzing multiples samples by cDNA 

expression arrays or individually analyzing genes (by either RT-PCR, Northern, 

Ribonuclease Protection Assays) to perfomi statistical analysis before making conclusive 

decisions from expression array data based on single samples. 

Summary 

The RMS and EGF diets caused statistically significant changes in monocytic 

derived cells, Kupffer cells and hepatic stellate cell is interesting and raises the question 

as to the mechanism that accounts for these changes. One possibility is that, even though 

elevated venous blood endotoxin levels were not statistically significant, it may have 

been sufficient to result in the recruitment of monocytic derived cells to the liver and 

provided a stimulus for differentiation of Kupffer cells. These results of the present study 

agree with this possibility. Another possibility is that these results could reflect species 
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differences in the source of milk used in the artificial diet, since RMS is made with 

bovine milk. Additionally, these increases could possibly be the result of the surgical 

stress that the sucklings experienced as a result of placing the orogastric cannula into 

their stomachs. Consistent with the former, is the report that RMS was responsible for 

the accelerated morphological and physiological development found in the small intestine 

which is not observed in artificially reared sucklings fed pooled rat milk (Dvorak et al., 

2000). These reports suggest that the artificial diet and not the artificial feeding method 

was responsible for the morphological and physiological changes. 

In summary, milk-bome EGF resulted in statistically significant increase in 

binucleated hepatocytes, indicating that milk-bome EGF plays a role in the proliferation, 

maturation and differentiation of hepatocytes in suckling rats that occurs following birth. 
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CHAPTER 4 - SUMMARY 

This dissertation characterized the normal temporal development of the suckling 

and weanling rat liver, examined how normal liver development was changed in 

artificially reared sucklings fed EGF and examined whether endotoxin and TNFa were 

involved in normal liver development and artificially reared sucklings. The 8-12 day time 

period for artificial feeding was chosen for the current study because a previous report 

demonstrated an increase in the number of sinusoids containing blood flow and increased 

phagocytic activity in hepatic Kupffer cells in EGF fed sucklings (McCuskey et al., 

1997a). This report demonstrated a physiological dose of EGF in artificial milk caused 

increases in sinusoids containing flow and increased numbers of phagocytic Kupffer cells 

in the liver. This report also demonstrated that topical application of EGF to suckling rat 

liver resulted in vasodilatation in dam-fed sucklings. From this study it was speculated 

that EGF might play a role in liver development and that some EGF mediated changes 

observed in the liver may be attributed to increases in portal venous endotoxin. 

HEPATOCYTES 

During the day 4 to 28 postnatal period a 2 fold increase occurred in the 

reorganization of hepatocellular plates into those of single cell thickness, significant 

increases in binucleated hepatocytes were seen at day 20 and the heterogeneous enzyme 

gradient for glucose-6-phosphatase developed between days 4 and 8. Artificial milk 

formula-borne EGF feeding resulted in a statistically significant increase in binucleated 

hepatocytes, indicating that EGF plays a role in maturation and differentiation of 
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hepatocytes in suckling rats. This was a specific effect of EGF and not the diet, as RMS 

fed sucklings did not have increases, but decreases in binucleated hepatocytes compared 

to dam and EGF fed sucklings. 

SINUSOIDAL ENDOTHELIAL CELLS 

There was a slight tendency for sinusoidal endothelial cell fenestrae density and 

porosity to increase with age in suckling rats. It appears that milk-bome EGF is not 

involved in the development of sinusoidal endothelial cell fenestrae as no changes in 

fenestrae were observed between any of the feeding groups. The reported absence of the 

EGF receptor on isolated sinusoidal endothelial cells (Vickers and Lucier, 1996) may 

explain why no changes were observed in EGF fed sucklings. However, the presence or 

absence of the EGF receptor in situ has not been reported. 

KUPFFER CELLS 

Monocytic derived cells were increased at postnatal day 8, remained elevated at 

day 12 and decreased with age, with the exception of the day 24 group where, 

unexpectedly, granulomas were found in the livers. 

The RMS and EGF diets caused statistically significant increases in monocytic 

derived cells, Kupffer cells and hepatic stellate cells. These increases are not caused by 

EGF, as the RMS-fed groups also had similar increases. These results are interesting and 

raise the question as to the mechanisms accounting for this change. Both the RMS and 

EGF fed sucklings tended to have increases in portal venous endotoxin, which were not 

significant due to large standard deviation in measurements. Additionally, both feeding 
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groups had significant changes in colon microbial flora compared to dam fed sucklings, 

which may account for the tendency for increases. Therefore, it is possible that these 

increases in portal venous endotoxin were sufficient to result in the recruitment of 

monocytic derived cells to the liver and provided a stimulus for differentiation of Kupffer 

ceils. 

HEPATIC STELLATE CELLS 

The number of hepatic stellate cell numbers decreased temporally after birth with 

the largest decrease occurring between day 8 and 12. Both RMS and EGF feeding caused 

significant increases in hepatic stellate cells. These increases may be due to the increases 

in monocytic derived cells and Kupffer cells since it has been reported that Kupffer cell 

conditioned cell culture media caused proliferation of cultured hepatic stellate cells in 

vitro (Armendariz-Borunda et al., 1989; Friedman and Arthur, 1989; Zerbe and Gressner, 

1988). 

HEMATOPOIETIC TISSUE 

The normal temporal loss of liver hematopoietic tissue was complete by 

approximately postnatal day 20. No differences in hematopoietic tissue were seen in any 

of the feeding groups, demonstrating that the physiological doses of EGF used in the 

present study did not effect liver hematopoietic fimction. 

MICROBIAL CHARACTERIZATION OF COLON CONTENTS. ENDOTOXIN AND 
INFa 

Portal venous endotoxin first appeared fi-om postnatal day 8 onward, and was at 

the normal levels found in adults (Tamai et al., 2000). There was a tendency for increases 
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in portal blood endotoxin levels in the RMS and EGF fed sucklings that correlate with 

significant changes in gut microbial flora that occurred during the suckling period. 

Additionally, it was found that during the suckling and weanling period temporal changes 

in TNFQ messenger RNA did not occur, with the exception again of the day 24 groups 

which unexpectedly had granulomas in their livers. Therefore, it does not appear that 

inflammation is involved in normal liver development from day 4 to 28. 

FUTURE EXPERIMENTS 

This dissertation has shown that physiological amounts of milk-bome EGF caused 

increased numbers of binucleated hepatocytes, without producing any other 

morphological changes in the liver. This raises several interesting questions about how 

EGF produces increases in binucleated cells. To begin to address this question, it would 

be helpful to understand, at the cellular level, the changes that occur in the artificially 

reared suckling rat liver. First, the question as to which hepatic cells possess the EGF 

receptor would be answered. The EGF receptor has been reported on present on 

hepatocytes (St Hilaire et al., 1983). One report found that isolated sinusoidal endothelial 

cells and Kupffer cells (Vickers and Lucier, 1996) did not have the EGF receptor and no 

report has been made regarding the presence or the absence of the EGF receptor in 

hepatic stellate cells. This question could be answered using immuno-electron 

microscopy on dam-fed suckling rat livers. The effects of EGF could be further 

examined by analyzing isolated liver cells from several animals in each treatment group 

using either ftinctional genomics or proteomics. Additional artificial feeding groups that 

could be examined would be groups of sucklings fed pooled rat milk with and without 
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EGF neutralizing antibodies. These additional groups would help address the changes in 

the liver that result from the specifically rat milk-bome EGF as well as from the artificial 

feeding method. The use of isolated cells, while technically difficult from suckling rats, 

is necessary as hepatocytes make up 60% of all liver cells. Therefore, the majority of 

gene and protein expression identified by either functional genomics or proteomics would 

reflect hepatocyte expression, as the non-parenchymal cell expression would be diluted 

out by the hepatocytes. Multiple samples would allow statistically appropriate cluster 

analysis to be performed and help determine groups of genes and proteins that are 

modulated by RMS and EGF. This would establish a pattern of gene or protein 

expression from specific cell types that could reveal both intercellular and intracellular 

communication pathways leading to a mechanism of action for EGF. 

Do portal endotoxin levels modulate the function of monocytic derived cells and 

Kupffer cells? The same parameters examined in the present study could be evaluated in 

germ free animals. If portal blood endotoxin is a stimulus for increasing liver monocytes 

and Kupffer cells then the increases observed in the present study should be diminished. 

At the same time the question of whether monocytic derived cells and Kupffer cells are 

responsible for the increase in hepatic stellate cells could be addressed. 

Finally, is the period chosen for artificially feeding EGF too late to affect suckling 

liver development? The artificially reared sucklings used in this dissertation spent the 

first 8 days of life nursing their mothers taking in EGF in breast milk. It may be that the 

window of opportunity for EGF effects occurs earlier than day 8. Therefore, to test this 
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possibility, feeding studies need to be performed at earlier time points evaluating the 

features examined in this dissertation. 

SHOULD INFANT MILK FORMULAS BE SUPPLEMENTED WITH EGF? 

The question the present work leads up to is whether infant milk formulas should 

be supplemented with EGF. There are clearly benefits of EGF supplementation of 

artificial milk on the maturation of the gastrointestinal system. However, the question as 

to whether increasing terminal differentiation of hepatocytes is beneficial or detrimental 

to sucklings needs to be addressed, as do the long term effects of feeding artificial milk-

bome EGF. Additionally, the doses of EGF administered need to be evaluated as most 

previous studies found changes in the liver in animals treated with either physiological 

doses of EGF over a long period or pharmacological doses over either short or long 

periods. Several of these studies have shown that treatment with EGF produces anemia 

(Vinter-Jensen et al., 1998; Vinter-Jensen et al., 1996b) possibly as the result of 

decreased liver hematopoietic tissue (Thorbum et al., 1981). In conclusion, the 

supplementation of artificial milk formula with EGF clearly shows benefits in the 

gastrointestinal system and warrants fiirther study and consideration. 
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APPENDIX A. PGR GOMPETITOR AND PGR PRODUCT cDNA SEQUENCES. 

Regions with black background represent primer sites. 
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PCR-MIMIC Competitor - 412 bp PGR product 

TTATACAGGG AGATGAAAGG ATGCACTTGC CTAGCCCTAC 
AGATTCCAAG TTTTATCGCA CCCTGATGGA GGAGGAGGAC ATGGAAGACA TTGTGGATGC 
AGATGAGTAT CTTGTCCCAC ACCAGGGCTT TTTCAACATG CCCTCTACAT CTCGGACTCC 
TCTTCTGAGT TCATTGAGCG CTACTAGCAA CAATTCTGCT ACAAACTGCA TTGACAGAAA 
TGGGCAGGGG CACCCTGTGA GGGAAGAGGC TTCCTGCCTG CTCCAGAGTA TGTAAACCAG 
CTGATGCCCA AGAAACCATC TACTGCCATG GTCCAGAATC AAATCTACAA CTTCATCTCT 
CTCACAGCAA TCTCAAAGCT CCCCATGGAC TCAA^QQ Q 

TNFa PGR Product, Acession Number X66539, bases 2:484, 483 bp PGR product 

GQQQRC CGAGATGTGG AACTGGCAGA GGAGGCGCTC CCCAAAAAGA 
TGGGGGGCCT CCAGAACTCC AGGCGGTGTC TGTGCCTCAG CCTCTTCTCA TTCCCGCTCG 
TGGCGGGGGC CACCACGCTC TTCTGTCTAC TGAACTTCGG GGTGATCGGT CCCAACAAGG 
AGGAGAAGTT CCCAAATGGG CTCCCTCTCA TCAGTTCCAT GGCCCAGACC CTCACACTCA 
GATCATCTTC TCAAAACTCG AGTGACAAGC CCGTAGCCCA CGTCGTAGCA AACCACCAAG 
CAGAGGAGCA GCTGGAGTGG CTGAGCCAGC GTGCCAACGC CCTCCTGGCC AATGGCATGG 
ATCTCAAAGA CAACCAACTG GTGGTACCAG CAGATGGGCT GTACCTTATC TACTCCCAGG 
TTCTCTTCAA GGGACAAGGC TGCCCCGACT ATGTGCTCCT CACCC TCAGCCGAT 
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APPENDIX B. cDNA EXPRESSION ARRAY RESULTS. Values reported are 
standardized to glyceraldehyde-3-phosphate dehydrogenase (GAPD) and are expressed as 
a ratio (gene of interest/GAPD). Genes are sorted alphabetically. 
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GenBank 
Accession #(s) 

Gene Name DAM RMS EGF 

D17615 
14-3-3 protein zeta/delta; PKC inhibitor protein-1; 
KCIP-1; mitochondrial import stimulation factor S1 
subunit 

1.115 0.900 0.739 

M6238S 
17-lcDa ubiquitin-conjugating enzyme E2 (UBE2B); 
ubiquitin-prolein ligase; ubiquitin carrier protein; 
HR6B 

0.910 0.832 0.876 

L3260I 
20-alpha-hydroxysteroid dehydrogenase; 20-aIpha-
HSD;HSD1) 

1.211 0.842 0.727 

U07683 

2-hydroxyacylsphingosine 1 -beta-
galactosyltransferase precursor; UDP-galactose-
ceramide galactosyltransferase; ceramide UDP-
galactosyltransferase; cerebroside synthase 

0.929 0.747 0.603 

M65253 
34A transformation-associated protein; TAP-related 
matrix metalloproteinase 10 (MMPIO); stromelysin 
2 (SL2); transin 2 

0.934 0.733 0.598 

M67465 
3-beta hydroxy-5-ene steroid dehydrogenase type 
III (3beta-HSD III; EC 1.1.1.145); steroid delta-
isomerase (EC 5.3.3.1); progesterone reductase 

1.019 0.732 0.626 

X00469 
3-methylcholanthrene-inducible cytochrome P450 
(P450MC); cytochrome P450 lAl (CYPIAl) 0.882 0.735 0.603 

M9505S 
3-o.xo-5-aIpha-steroid 4-dehydrogenase 2; steroid 5-
alpha-reductase 2 (SR type 2) 0.860 0.633 0.498 

K03250 40S ribosomal protein S11 1.450 1.026 1.204 
Ml 8547 40S ribosomal protein S12 1.445 1.161 1.355 
K02933 40S ribosomal protein S17 (RPS17) 1.370 0.835 0.920 
X59051 40S ribosomal protein S29 (RPS29) 1.431 1.181 1.253 
J02650 60S ribosomal protein L19 (RPL19) 1.451 1.226 1.338 
M27905 60S ribosomal protein L21 1.448 1.194 1.331 
Ml 9635 60S ribosomal protein L44; L36A 1.387 1.049 1.029 
J03808 acetyl-CoA carboxylase (ACC); biotin carboxylase 1.275 0.774 0.851 

D83697 
activator of apoptosis harakiri (HRK); neuronal 
death protein 5 (DPS); BID3 

1.031 0.982 0.631 

S48190 activin type receptor 0.904 0.701 0.648 
D38629 adenomatous polyposis coli protein (APC) 0.855 1.078 0.796 
M64299 adenosine A1 receptor (ADORAI) 0.720 1.101 0.528 
S47609 adenosine A2A receptor (ADORA2A) 0.680 1.008 0.520 
M91466 adenosine A2B receptor (ADORA2B) 0.569 0.757 0.388 
M94152 adenosine A3 receptor (ADORA3); TGPCRl 0.862 0.733 0.590 

L01115 
adenylyl cyclase type VI (ADCY6); ATP 
pyrophosphate-lyase; Ca(2+)-inhibitable adenylyl 
cyclase 

0.760 0.812 0.478 

U75581 
adipocyte fatty acid-binding protein (AFABP; 
FABP4); adipocyte lipid-binding protein (ALBP) 

1.106 0.847 0.683 
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GenBank 
Accession #(s) 

Gene Name DAM RMS EGF 

X63410 

alcohol sulfotransferase A (EC 2.8^.2); 
hydroxysteroid sulfotransferase A; STA; 
androsterone-sulfating sulfotransferase (AD-ST); 
ST-40 

1.196 0.799 0.709 

U13368 alpha IC -adrenergic receptor 0.813 0.678 0.696 

M32247 
alpha-1-antiproteinase precursor; alpha-1-proteinase 
inhibitor; alpha-1 antitrypsin 

1.451 1.267 1.392 

L31771 
alpha-ID adrenergic receptor (ADRAID); alpha 
1 D-adrenoceptor; alpha-1A adrenergic receptor 
(ADRAIA); RA42 

0.601 0.794 0.404 

U61696 amonipeptidase B 0.841 0.873 0.621 
Y13380 amphiphysin II (AMPH2) 1.020 0.764 0.734 
M38759 androgen binding protein 0.897 0.728 0.472 
M20133 androgen receptor 0.771 0.846 0.589 

U03734 angiotensin converting enzyme (ACE; somatic; 
dipeptidyl carboxypeptidase I; kininase 11 

0.669 1.015 0.511 

M85183 angiotensin/vasopressin receptor (All/AVP) 0.873 0.735 0.663 

iM 19967 
annexin I (ANXl); lipocortin 1; calpactin II; 
chromobindin 9; P35; phospholipase A2 inhibitory 
protein 

0.865 0.802 0.527 

MOOOOl apolipoprotein A-I precursor (APO-AI) 1.442 1.239 1.362 
M00002 apolipoprotein A-IV precursor (APO-AIV) 1.442 0.989 1.054 

L07114 apolipoprotein B mRNA editing protein (APOBEC-
1); REPR 

1.246 0.729 0.721 

U49930 

apopain precursor; CPP32 cysteine protease; 
caspase-3 (CASP3); interleukin-1 beta converting 
enzyme-like protein (LICE); YAMA protein; 
SREBP cleavage activity 1 (SCAl) 

0.691 0.984 0.492 

D44495 
apurinic/apyrimidinic endonuclease (AP 
endonuclease; APEX; APEN) 

0.978 0.721 0.761 

AF007775 aquaporin (pancreas & liver; AQP 8) 0.863 0.782 0.660 
L06040 arachidonate 12-lipoxygenase (12-LOX; ALOX12) 1.420 1.048 1.232 

J03960 
arachidonate 5-lipoxygenase (EC 1.13.11.34); 5-
lipoxygenase (5-LO) 

1.446 0.722 0.705 

X06942 A-raf proto-oncogene 1.000 0.766 0.855 

J02762 
asialoglycoprotein receptor R2/3 (ASGPR); hepatic 
lectin 2/3; RHL-2 

0.970 0.736 0.661 

U94403 ASICl proton gated cation channel 0.863 0.576 0.554 

D42145 
ATP-sensitive inward rectifier potassium subfamily 
J member 8 (KCNJ8): UKATP-1; ATP-sensitive 
inwardly rectifying K+ charmel KIR6.1 

0.928 0.805 0.614 

U66107 B1 bradikinin receptor 0.714 0.761 0.704 
AFO10465 B7.1 0.891 0.705 0.613 

D12498 
basic fibroblast growth factor receptor 1 precursor 
(BFGF-R); MFR; FGFRl; FLG 

0.795 0.643 0.545 

U49729 BAX-alpha 0.761 0.897 0.504 
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GenBank 
Accession #{s) 

Gene Name DAM RMS EGF 

L14680 bcl-2 0.810 0.852 0.524 
AF003523 bcl-2-associated death promoter (BAD) 0.717 0.867 0.484 
U72350 bcl-x; bcl2-Ll 0.819 0.834 0.524 

M55291 
BDNF/NT-3 growth factor receptor precursor; trkB 
tyrosine kinase; gpl45-trkB/gp95-trkB; NTRK2 0.888 0.741 0.664 

M95738 
beta-alanine-sensitive neuronal GABA transporter; 
sodium- & chloride-dependent GABA transporter 3 1.026 0.621 0.526 

M91589 beta-arrestin 1 1.044 0.721 0.719 
M91590 beta-arrestin 2 (ARRB2) 1.363 0.745 0.755 
M36589 beta-nerve growth factor precursor (beta-NGF) 0.925 0.667 0.529 

XI6054 

bile-salt-activated lipase precursor (BAL); bile-salt-
stimulated lipase (BSSL); carboxyl ester lipase; 
sterol esterase; cholesterol esterase; pancreatic 
lysophospholipase) 

1.315 0.827 0.737 

D380S2 bone morphogenetic protein type LA receptor 0.980 0.691 0.699 

M99418 
brain cholecystokinin/gastrin receptor; 
gastrin/cholecystokinin type B receptor; CCK-B 
receptor (CCK-BR) 

0.697 0.925 0.430 

M25297 
brain natriuretic peptide (BNP); 5-kDa cardiac 
natriuretic peptide; ISO-ANP 

0.736 0.850 0.523 

U51898 Ca2+-independent phospholipase A2 0.968 0.772 0.607 
D25290 cadherin 6 precursor; kidney-cadherin (K-cadherin) 0.994 0.763 0.573 

L26525 
Cak tyrosine-protein kinase; EDDRl; Trk-E; Ptk-3; 
discoidin receptor 

0.812 0.740 0.561 

L146I7 calcitonin receptor precursor (CT-R); CIA/CIB 1.098 0.860 0.791 

M86870 
calcium binding protein 2 (CABP2); endoplasmic 
reticulum stress protein (ERP72); protein disulfide 
isomerase-related protein precursor 

1.387 1.092 1.282 

M63334 
calcium/calmodulin-dependent protein kinase type 
IV (CAMK IV; catalytic chain);CAM kinase-GR 0.863 0.763 0.601 

U72487 calcium-independent alpha-latrotoxin receptor 0.909 0.700 0.666 
X13817 calmodulin (CALM; CAM) 0.853 0.838 0.594 

L27057 
cAMP phosphodiesterase 4A; DPDE2; dunce 
Drosophila homolog E2 

0.629 0.874 0.393 

Z22867 
cAMP-dependent 3',5'-cycIic phosphodiesterase; 
hormone-sensitive 

0.666 0.874 0.398 

X57986 cAMP-dependent protein kinase catalytic subunit 0.964 0.741 0.687 

Ml 2492 
cAMP-dependent protein kinase type Il-beta 
regulatory chain 

0.876 0.629 0.547 

U38938 
cAMP-response element binding protein 1 
(CREBPI) 

0.865 0.662 0.635 

U62897 carboxypeptidase D precursor (CPD) 0.830 0.901 0.610 
M31602; J04625 carboxypeptidase E; carboxipeptidase H 1.087 0.900 0.683 

M74449 cardiac delayed rectifier potassium channel protein 0.873 0.729 0.645 
M27902 cardiac specific sodium channel alpha subunit 0.983 0.795 0.722 
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L156I9 
casein kinase II beta subunit (CKII; CSNK2B; 
CIC2N); phosvitin 

1.140 0.694 0.820 

U14647 
caspase-1 (CASP3); interleukin-l beta convertase 
precursor (IL-1 EC); IL-1 beta converting enzyme 
(ICE) 

0.681 0.939 0.470 

D45187 cathepsin E 0.678 0.665 0.517 
M36320 cathepsin H 0.763 0.785 0.514 

AFO10306 cathepsin K 0.835 0.745 0.531 
L03201 cathepsin S precursor (CTSS) 0.651 0.820 0.483 

AB000I13 cationic amino acid transporter 3 0.891 0.790 0.635 

U70476; D67087 

cationic amino acid transporter-1 (CAT-1); system 
Y+ basic amino acid transporter; ecotropic retroviral 
leukemia receptor; ecotropic retrovirus receptor 
(ERR) 

1.132 0.712 0.736 

D42117 
CD 30L receptor; lymphocyte activation antigen 
CD30; Ki-1 antigen; CD30 precursor 

0.S65 1.120 0.619 

M61875 

CD44 antigen precursor; phagocytic glycoprotein I 
(PGP-1); HUTCH-I; extracellular matrix receptor-
III (ECMR-III); GP90 lymphocyte homing/adhesion 
receptor; hermes antigen; hyaluronate receptor; LY-
24 

0.925 0.766 0.619 

D45854 
cell adhesion kinase beta (CAK beta); calcium-
dependent; FAK family 0.812 0.732 0.589 

X60767 cell division control protein 2 homolog (CDC2); 
cyclin-dependent kinase r(CDICl) 

0.994 0.760 0.711 

XI2744 
c-ErbA oncogene; thyroid hormone receptor alpha-1 
(THRAl) 

0.896 0.662 0.608 

L206S1 c-ets-1 proto-oncogene protein; p54 0.927 0.762 0.671 
X57018 c-fgr proto-oncogene 1.040 0.834 0.744 

X61479 
c-fms proto-oncogene; macrophage colony 
stimulating factor 1 (MCSF-1) receptor 

1.044 0.750 0.729 

X06769 c-fos proto-oncogene 0.957 0.628 0.619 
D17521 chloride channel protein 3 (CLC3; CLCN3) 1.021 0.883 0.712 
D50497 chloride channel protein 5 (CLCN5; CLC5) 0.915 0.833 0.587 
D13985 chloride channel RCLl 0.858 0.737 0.625 

M130n 
c-H-ras proto-oncogene; transforming G-protein 
p21 

1.130 0.760 0.747 

K02298 chymotrypsinogen B precursor (EC 3.4.21.1) 0.872 0.743 0.562 

L27129 c-Jun N-terminal kinase 1 (JNKl); stress-activated 
protein kinase gamma (SAPK.-gamma) 

0.733 0.862 0.454 

L27112 
c-Jun N-terminal kinase 2 (JNK2); stress-activated 
protein kinase alpha (SAPK-alpha) 

0.824 0.820 0.584 

L27128 
c-Jun N-terminal kinase 3 (JNK3); stress-activated 
protein kinase beta (SAPK-beta) 

0.787 0.732 0.627 

X17163 
c-jun proto-oncogene; transcription factor AP-1; 
RJG-9 

0.961 0.685 0.628 

D12524 c-kit proto-oncogene 1.041 0.746 0.705 
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U09793 
c-K-ras 2b proto-oncogene; transforming G-protein 
p2I 

0.996 0.706 0.748 

M64723 

clusterin (CLU); testosterone-repressed prostate 
message 2 (TRPM2); apolipoprotein J; sulfated 
glycoprotein 2 (SGP2); dimeric acid glycoprotein 
(DAG) 

1.318 1.198 1.290 

U65007 
c-met proto-oncogene; hepatocyte growth factor 
receptor 

0.998 0.775 0.745 

Y00396 c-myc proto-oncogene 0.923 0.672 0.583 

X68394 
c-N-ras proto-oncogene; transforming G-protein 
p21 

0.987 0.780 0.696 

M81642 
coagulation factor II (thrombin) receptor (CF2R); 
thrombin receptor precursor 

0.859 0.861 0.560 

M58370 colipase precursor 1.223 0.783 0.761 

Y00404 
copper-zinc-containing superoxide dismutase 1 (Cu-
Zn SODl) 

1.438 1.133 1.371 

J05107 
corticosteroid 11 -beta-dehydrogenase isozyme 1 
(11-DH); 11-beta-hydroxysteroid dehydrogenase 1 
(11-beta-HSDl) 

1.163 0.941 0.921 

U16253 
corticotropin-releasing factor receptor subtype 2 
(CRF2R) 

0.647 0.741 0.626 

M94454 Cot proto-oncogene; Tpl-2 0.993 0.661 0.761 
Ml 5427 c-raf proto-oncogene; raf-1 1.013 0.730 0.707 

X14788 
CREB active transcription factor; transcription 
activator protein 

1.051 0.745 0.623 

D44481 
Crk adaptor protein (CRK-II alternative splice 
variant); proto-oncogene c-crk 

0.883 0.912 0.486 

D29766 
Crk-associated substrate (Gas); focal adhesion 
kinase substrate; pi30 

0.999 0.697 0.631 

M35105 c-ros-1 proto-oncogene 1.041 0.901 0.734 

X58631 
c-src-kinase (CSK) & negative regulator; tyrosine-
protein kinase 

0.901 0.922 0.560 

U90448 CXC chemokine LIX 1.458 1.039 1.067 

D28753 + D28754 
cyclin-dependent kinase 2 alpha (CDK2-alpha) + 
cyclin-dependent kinase 2-beta (CDIC2-beta) 

1.161 0.741 0.691 

LI 1007 
cyclin-dependent kinase 4 (CDK4); cell division 
protein kinase 4; PSK-J3 

1.018 0.753 0.767 

S79760 
cyclin-dependent kinase 4 inhibitor B (CDKN2B); 
pl4-INK4B; pl5-INK5B 

1.003 0.697 0.661 

L02121 
cyclin-dependent kinase 5 (CDK5); tau protein 
kinase II (TPKII) catalytic subunit; PSSALRE 
kinase 

1.051 0.712 0.808 

X83579 
cyclin-dependent kinase 7 (CDK7); CDK-activating 
kinase (CAK); 39-kDa protein kinase; homolog of 
Xenopus MO 15 

1.011 0.702 0.755 
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J05460;J05509 
cytochrome P450 VII (CYP7); cholesterol 7-alpha-
monooxygenase; cholesterol 7-alpha-hydroxylase 

1.025 0.763 0.701 

JOS 156 
cytochrome P450 XIAl mitochondrial precursor 
(CYPl lAl); P450scc; cholesterol side-chain 
cleavage enzyme; cholesterol desmolase 

1.000 0.748 0.678 

V01217 cytoplasmic beta-actin (ACTB) 1.320 1.187 1.242 

U38376 
cytosolic phospholipase A2 (CPLA2); 
phosphatidylcholine 2-acylhydrolase; 
lysophospholipase;PLA2G4 

1.038 0.800 0.786 

M36831 D(2) dopamine receptor 0.627 1.038 0.429 
M84009 D(4) dopamine receptor; D(2C) dopamine receptor 0.816 1.095 0.467 

U68725 
DCC; netrin receptor, immunoglobulin gene 
superfamily member; former tumor suppressor 
protein candidate 

0.995 1.056 0.964 

U53211 
degenerin channel MDEG; amiloride-sensitive brain 
sodium channel BNACl (BNCl) 

0.865 0.728 0.593 

U00475 
delta-type opioid receptor (DOR-l); opioid receptor 
A 

0.619 1.036 0.494 

M94056 dipeptidase (DPEPl) 0.622 0.663 0.458 
M76426 dipeptidyl aminopeptidase related protein (DPP6) 1.326 0.930 0.926 

D90404 
dipeptidyl-peptidase I precursor (EC 3.4.14.1; DPP-
1); cathepsin C; cathepsin J; dipeptidyl transferase 

1.109 0.802 0.650 

Z46372 DNA topoisomerase II alpha (TOP2A) 1.059 0.713 0.724 
D10862 DNA-binding protein inhibitor ID 1 1.192 0.803 0.933 

M27716 
DOPA decarboxylase (DDC); aromatic-L-amino-
acid decarboxylase (EC 4.1.1.28) 

0.737 1.033 0.477 

M80570 
dopamine transporter (cocaine-sensitive); sodium-
dependent dopamine transporter (DA transporter; 
DAT) 

0.703 0.895 0.462 

U09457 
DPDE3; cAMP-dependent 3',5'-cyclic 
phosphodiesterase 4D 

0.686 0.950 0.441 

Z164I5 

dual-specificity mitogen-activated protein kinase 
kinase 1 (MAP kinase kinase 1; MAPKKl; 
extracellular signal-regulated kinase activator kinase 
1 (ERK kinase 1); MEKI 

0.876 0.682 0.544 

DI4592 

dual-specificity mitogen-activated protein kinase 
kinase 2 (MAP kinase kinase 2; MAPKK2; 
extracellular signal-regulated kinase activator kinase 
2 (ERK kinase 2); MEK2 

1.064 1.102 0.745 

U37462 

dual-specificity mitogen-activated protein kinase 
kinase 5 (MAP kinase kinase 5; MAPKK5; 
extracellular signal-regulated kinase activator kinase 
5 (ERK kinase 5); MEK5 

0.888 0.940 0.595 

U10995 
Ear-3; V-erbA related protein; COUP-TFI 
transcription factor 

0.918 0.577 0.540 

M92848 
ecto-ATPase precursor; cell-CAM 105 (C-CAM 
105); ATP-dependent taurocolate-carrier protein; 

1.125 0.778 0.830 
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GPllO 

U21954 
Ehk 3; ephrin type-A receptor 7; tyrosine kinase 
(Eph-related); EphA7 0.845 0.631 0.544 

X78689 EHKl; ephrin type-A receptor 5 (EPHA5); EPH-
related tyrosine kinase 0.857 0.624 0.535 

vol 233 elastase 2 precursor (EC 3.4.21.71) 0.846 0.692 0.534 
L29259 elongation factor SIII PI5 subunit 1.057 0.706 0.660 
M60786 endothelin 1 receptor precursor; ETA; EDNRA 0.858 0.741 0.684 
D29683 endothelin converting enzyme 0.627 0.762 0.472 
M647I1 endothelin-1 precursor (ET-1) 0.968 0.763 0.505 

U13253 
epidermal fatty acid-binding protein (E-FABP); 
cutaneous fatty acid- binding protein (C-FABP); 
DAll; FABP5 

1.438 1.197 1.332 

M37394 
epidermal growth factor receptor (EOF receptor; 
EGFR) 

0.893 0.866 0.648 

X03362 
erbB2 receptor protein-tyrosine kinase precursor; 
pl85ERBB2; neu proto-oncogene; epidermal 
growth factor receptor- related protein 

0.889 0.716 0.715 

U29339 ErbB3 EGF receptor-related proto-oncogene; HER3 0.988 0.746 0.728 
D13566 erythropoietin receptor precursor (EPOR) 0.972 0.659 0.738 

L25527 
E-selectin precursor; endothelial leukocyte adhesion 
molecule 1 (ELAM-1); leukocyte-endothelial cell 
adhesion molecule 2 (LECAM2); CD62E 

0.929 0.695 0.626 

U57439 estrogen receptor beta (ER-beta); ESR2; NR3A2 0.686 0.836 0.684 

J02646 
eukaryotic translation initiation factor 2 alpha 
subunit (EIF-2-alpha) 1.338 0.935 0.889 

L11651 eukaryotic translation initiation factor 5 (EIF-5) 0.996 0.745 0.634 

D63772; U39555 
excitatory amino acid transporter 3 (EAAT3); 
sodium-dependent glutamate/aspartate transporter 3; 
excitatory amino-acid carrier 1 (EAACl); SLCIAI 

0.768 0.804 0.573 

U10354 
extracellular calcium-sensing receptor precursor 
(CASR); parathyroid cell calcium-sensing receptor 

0.921 0.770 0.683 

M61177 

extracellular signal-regulated kinase 1 (ERKl); 
mitogen-activated protein kinase 1 (MAP kinase 1; 
MAPKl); insulin- stimulated microtubule-
associated protein-2 kinase; MNKl; PRKM3; 
ERT2; p44-MAPK 

0.976 0.721 0.681 

M64300 
extracellular signal-regulated kinase 2 (ERK2); 
mitogen-activated protein kinase 2 (MAP kinase 2; 
MAPK2); p42-MAPK; ERTl 

0.914 0.785 0.608 

M64301 
extracellular signal-regulated kinase 3 (ERK3); 
mitogen-activated protein kinase 3 (MAP kinase 3; 
MAPK3); p55-MAPK 

0.833 0.823 0.572 

X67788 ezrin; cytovillin; villin 2 (VIL2); p81 1.009 0.949 0.922 
D26112 fasl receptor; fas antigen precursor; Apo-1 antigen 0.719 0.995 0.492 
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U03470 
FasI; Fas antigen ligand; generalized 
lymphoproliferation disease gene (GLD) in mice 

0.890 0.989 0.818 

U72497 fatty acid amide hydrolase 1.343 0.809 0.953 
M76767 fatty acid synthase 1.079 0.810 0.730 
J02773 fatty acid-binding protein (heart; H-FABP) 0.912 0.690 0.592 

M35992 
fatty acid-binding protein (intestinal; I-FABP; 
FABPI) 

1.125 0.700 0.665 

M35991 
fatty acid-binding protein (liver; L-FABP); Z-
protein; squalene- & sterol-carrier protein (SCP); 
P14 

1.449 1.100 1.189 

U05675 fibrinogen beta subunit (FGB) 1.435 1.277 1.369 
D79215 fibroblast growth factor 10 precursor (FGFIO) 1.212 0.724 0.511 
M91599 fibroblast growth factor receptor subtype 4 0.855 0.766 0.600 

U57715 
fibroblast growth factor receptor-activating protein 
1 (FGF receptor-activating protein 1; FRAG 1) 

0.859 0.831 0.568 

U12309 
fibronectin receptor beta subunit precursor; integrin 
beta 1 

0.937 0.792 0.738 

U11681 
FKBP-rapamycin-associated protein (FRAP); 
rapamycin target protein (RAFTl) 

0.864 0.644 0.555 

X13412 Flk tyrosine-protein kinase; fps/fes-related 0.839 0.750 0.612 
AF020777 focal adhesion protein-tyrosine kinase (FAK) 0.809 0.793 0.571 
M36804 follicle stimulating hormone beta-subunit 0.931 0.806 0.527 
L02842 follicle stimulating hormone receptor 0.771 0.733 0.624 
U18913 fos-related antigen 2 (FRA2); FOSL2 0.903 0.738 0.590 
U04317 fos-responsive related to IL-1 receptor Fit-IM 0.756 0.856 0.560 

L02529 
frizzled-1 (FZ-1); Drosophila tissue polarity gene 
frizzled homolog ; dishevelled receptor 

0.888 0.633 0.547 

U35365 fyn proto-oncogene; p59fyn 0.729 0.858 0.462 

M87854 
G protein beta-adrenergic receptor kinase 1 (beta-
ARKl; EC 2.7.1.126) 

0.763 0.855 0.468 

M87855 
G protein beta-adrenergic receptor kinase 2 (beta-
ARK2; EC 2.7.1.126) 

0.711 0.876 0.467 

X97568 G protein-coupled receptor kinase 4 (GRK4) 1.004 0.691 0.577 
U34841 G protein-coupled receptor kinase 5 (GRK5) 0.889 0.684 0.609 
D14013 Gl/S-specific cyclin C (CCNC) 0.896 0.740 0.770 
DI4014 Gl/S-specific cyclin D1 (CCNDl) 1.099 0.764 0.878 

D16308 
Gl/S-specific cyclin D2 (CCND2); vin-1 proto-
oncogene 1.050 0.807 0.773 

D16309 Gl/S-specific cyclin D3 (CCND3) 1.022 0.775 0.707 
D14015 Gl/S-specific cyclin E (CCNE) 1.010 0.741 0.648 
X64589 G2/M-specific cyclin B1 (CCNBl) 0.875 0.745 0.580 
X70871 G2/M-specific cyclin G (CCNG) 1.013 0.733 0.695 
XI5467 GABA-A receptor beta-2 subunit precursor 0.800 0.704 0.502 
L08497 GABA-A receptor ganima-2 subimit precursor 0.767 0.714 0.516 
X95579 GABA-A receptor rho-1 subunit precursor 0.630 0.863 0.466 
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Y10369;Y10370 
GABA-B receptor la (GABA-BRIA receptor) + 
GABA-B receptor lb (GABA-BRIB receptor) 0.582 0.851 0.477 

J03624 
galanin precursor (GALN; GAL) 

0.701 0.778 0.482 

M35162 
gamma-aminobutyric-acid receptor delta subunit 
precursor (GABA(A) receptor) 

0.707 0.813 0.475 

LI 9660 
gastric inhibitory polypeptide receptor precursor 
(GIP-R); glucose- dependent insulinotropic 
polypeptide receptor 

0.921 0.816 0.606 

M31176 
gastrin-releasing peptide precursor (GRP); 
neuromedin C 

0.676 0.767 0.437 

X56661 
gastrin-releasing peptide receptor (GRP-R); GRP-
preferring bombesin receptor 

0.692 0.860 0.554 

U65656 gelatinase A 0.793 0.821 0.622 
Z11558 glia maturation factor beta (GMF-beta; GMFB) 0.704 0.793 0.523 
LI 5305 glial cell line-derived neurotrophic factor precursor 0.743 0.819 0.547 
L04796 glucagon receptor precursor (GL-R) 1.060 0.689 0.615 
M14053 glucocorticoid receptor 0.852 0.757 0.542 
J03145 glucose transporter protein 0.845 0.735 0.583 
Ml 3979 glucose transporter type 1 (erythrocyte/brain) 0.668 1.051 0.457 

Ml 4050 
glucose-regulated 78-kDa protein (GRP78); BiP; 
immunoglobulin heavy chain binding protein; 
steroidogenesis-activator polypeptide; HSPA5 

1.073 0.856 0.852 

U15098 GluT and GluT-R glutamate transporter 0.821 0.692 0.549 
M92075 glutamate metabotropic receptor 2 (mGluR2) 0.912 0.674 0.496 
U63288 glutamate metabotropic receptor 8 (MGLUR8) 0.605 0.887 0.458 

X17184 
glutamate receptor 1 precursor (GluR-1); GluR-A; 
GluR-Kl 

0.599 0.817 0.466 

M85035 
glutamate receptor 2 precursor (GLUR-2; GLUR-B; 
GLUR-K2) 

1.087 0.666 0.614 

M85036 
glutamate receptor 3 precursor (GLUR-3; GLUR-C; 
GLUR-K3) 

1.016 0.690 0.679 

M85037 glutamate receptor 4 precursor (GLUR-4; GLUR-D) 0.969 0.701 0.651 
U73174 glutathione reductase 0.926 0.874 0.512 

X02904 
glutathione S-transferase P subunit; GST subunit 7 
pi (GST7-7) 0.859 0.847 0.526 

KG 1931 
glutathione S-transferase Ya subunit (GST YA); 
ligandin subunit 1 alpha 

1.425 1.167 0.853 

J02592 
glutathione S-transferase Yb subunit; GST subunit 4 
mu (GSTM2) 

1.452 1.100 1.190 

X67654 gluthathione S-transferase subunit 5 theta (GST5-5) 1.073 0.849 0.611 

M17701 
glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) 

0.995 1.058 0.929 

D00833 
glycine receptor (GlyR) alpha-1 chain precursor (48 
kDa); strychnine binding subumt 

0.566 0.965 0.423 
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M88595 glycine transporter 0.853 0.591 0.597 

L34067 
glypican-1 precursor, HSPG Ml2; nervous system 
cell-surface heparan sulfate proteoglycan 

0.704 0.794 0.488 

U00935 gonadotropin releasing hormone receptor 0.877 0.716 0.555 
L77929 G-protein activated K+ inward rectifier 1.013 0.910 0.665 
U37101 granulocyte colony stimulating factor 0.854 0.697 0.503 

U00620 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF); colony- stimulating factor (CSF) 

0.790 0.809 0.464 

L05175 
granzyme M precursor (GZMM); MET-ASE; 
natural killer cell granular protease; RNK-MET-I 

0.617 0.670 0.468 

D49846 
Grb2; Ash-m; growth factor receptor-bound protein 
2; adaptor protein; sos-ras pathway member 

0.882 0.756 0.612 

U30186 
growth arrest and DNA-damage-inducible protein 
153 (GADD153) 

0.879 0.883 0.631 

L32591 
growth arrest and DNA-damage-inducible protein 
45 (GADD45) 

0.772 0.893 0.601 

U19866 growth factor; Arc 0.789 0.654 0.488 

J04811 
growth hormone receptor precursor (GH receptor; 
GHR); semm-binding protein 

0.949 0.809 0.766 

L35921 
GTP-binding protein G(i)/G(s)/G(o) gamma-9 
subunit; GgammaS 

0.817 0.909 0.528 

M20713 
GTP-binding protein; G-alpha-i3; guanine 
nucleotide-binding protein G(K) alpha subunit (G(I) 
alpha-3) 

0.779 0.776 0.518 

D85760 
guanine nucleotide-binding protein alpha 12 subunit 
(G alpha 12; GNA12) 

1.040 0.852 0.842 

Ml 7528 
guanine nucleotide-binding protein G(I) alpha 2 
subunit (GNAI2); adenylate cyclase-inhibiting G 
alpha protein 

0.927 1.020 0.745 

L29090 
guanine nucleotide-binding protein G(i)/G(s)/G(t) 
beta subunit 3 (GNB3); transducin beta 3 subunit 

0.807 0.724 0.655 

M74535 guanylyl cyclase (membrane form) 0.777 0.752 0.483 

M83666 
Hck tyrosine-protein kinase; p56-hck; hemopoietic 
cell kinase 

0.699 0.944 0.448 

M86389 heat shock 27-kDa protein (HSP27) 1.257 0.848 0.879 

X54793 

heat shock 60-kDa protein (HSP60); 60-kDa 
chaperonin (CPN60); GroEL homolog; 
mitochondrial matrix protein P1; p60 lymphocyte 
protein 

1.147 0.747 0.755 

Z27118 heat shock 70-kDa protein (HSP70) 1.131 0.705 0.728 
M55601 heparin-binding growth associated protein 1.285 0.832 0.655 
M8811I high affinity L-proline transporter 0.864 0.773 0.669 
D84418 high mobility group protein 2 (HMG2) 1.031 0.715 0.909 
U40001 hormone sensitive lipase (EC 3.1.1.-; HSL) 0.978 0.718 0.656 

M63983 
hypoxanthine-guanine phosphoribosyltransferase 
(HPRT) 

1.002 0.909 0.909 

X63594 I-kB (I-kappa B) alpha chain; RL/IF-1 gene product 0.949 0.743 0.775 
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DI4051 
inducible nitric oxide synthase (iNOSl); type 11 
NOS 

0.977 0.931 0.573 

M32755 inhibin alpha chain precursor 0.897 0.682 0.501 

U96920 + U96921 
inositol polyphosphate 4-phosphatase type II alpha 
+ inositol polyphosphate 4-phosphatase type Il-beta 

1.020 0.731 0.687 

U55192 inositol polyphosphate 5' phosphatase SHIP 1.094 0.842 0.796 
Ml 5480 insulin like growth factor I (IGF-I) 1.128 0.785 0.614 
MI 3969 insulin like growth factor II (IGF-U) 1.337 1.033 0.687 
M29014 insulin receptor precursor (INSR; IR) 0.840 0.795 0.588 

MS9791 
insulin-like growth factor binding protein 1 
precursor (IGFBP-I; IBP-1) 

1.200 0.945 0.877 

J04486 
insulin-like growth factor binding protein 2 (IGF-
binding protein 2; IGFBP2; IBP2); BRL-BP 

1.301 0.983 0.831 

M31837 
insulin-like growth factor binding protein 3 
precursor (IGFBP-3; IBP-3) 

1.008 0.731 0.668 

L29232 
insulin-like growth factor I receptor alpha subunit 
(IGF-I-R alpha) 

0.933 0.679 0.697 

M69055 
insulin-like growth factor-binding protein (rlGFBP-
6) 

0.886 0.716 0.489 

U32990 insulin-regulated membrane aminopeptidase v-p 165 1.451 1.139 1.182 
U60096 integrin beta 4 precursor 0.934 0.742 0.693 

AFO17437 integrin-associated protein form 4 0.892 0.739 0.616 
AFO10466 Interferon gamma precursor (IFN-gamma; IFNG) 0.893 0.730 0.547 
M34253 interferon regulatory factor 1 (IRFl) 0.725 0.871 0.519 
iM95578 interleukin-1 receptor type I (IL-lR-1); P80 0.932 0.833 0.699 
L02926 interIeukin-10 (IL-10) 0.812 0.817 0.495 
U69272 interleukin-15 (IL-15) 1.443 0.970 0.805 
M22899 interleukin-2 (IL-2) 0.827 0.713 0.512 

M55049 
interleukin-2 receptor alpha subunit precursor (IL-2 
receptor alpha; IL2RA); TAG antigen; CD25 
antigen 

0.935 0.780 0.675 

M55050 interleukin-2 receptor beta chain 0.962 0.777 0.798 
X69903 interleukin-4 receptor 0.960 0.919 0.776 

M58587 
interleukin-6 receptor alpha precursor (IL-6R-alpha; 
IL6R) 

0.995 0.904 0.715 

M92340 
interleukin-6 receptor beta chain; membrane 
glycoprotein gpl30 

0.892 0.844 0.722 

AFO 10464 interleukin-7 (IL-7) 0.773 0.747 0.501 

Z11716 
ionotropic kainate 3 glutamate receptor precursor 
(GRIK3); glutamate receptor 7 (GLUR7) 

0.620 0.805 0.436 

U13396 Jak2 tyrosine-protein kinase; Janus kinase 2 0.758 1.080 0.463 
D28508 Jak3 tyrosine-protein kinase; Janus kinase 3 0.727 0.916 0.436 

AJ000556 Janus tyrosine protein kinase 1 (JAKl) 0.883 1.249 0.562 
X54686 Jun-B; c-jun-related transcription factor 0.923 0.707 0.639 
D26307 Jun-D; c-jun-related transcription factor 1.096 0.703 0.674 
D16829 kappa-type opioid receptor (KOR-1) 0.737 0.767 0.449 
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U93306 
KDR/flkl vascular endothelial growth factor 
tyrosine kinase receptor (VEGFR2) 

0.826 0.761 0.676 

M26710 kidney amincpeptidase M (APM) 0.796 0.773 0.553 
D79981 kidney specific organic anion transporter OAT-Kl 0.893 0.843 0.667 

U54791 
LCR-1; putative chemokine and HIV coreceptor 
homolog; G protein-coupled receptor 

0.899 0.634 0.520 

U62803 

lecithinrcholesterol acyltransferase (EC 2.3.1.43; 
LCAT); phosphatidylcholine-sterol O-
acyltransferase; phospholipid-cholesterol 
acyltransferase 

1.445 1.149 1.324 

D49653 leptin precursor; obesity factor 0.986 0.790 0.688 

D84550 
leptin receptor precursor (LEPR); OB receptor 
(OBR); FA 0.604 0.922 0.573 

M32748 
leukemia inhibitory/cholinergic neuronal 
differentiation factor (LIF/DIF) 0.723 0.851 0.457 

Ml 0072 
leukocyte common antigen precursor (LCA); CD45 
antigen; T200; FTPRC 

0.963 0.768 0.611 

LI 1586 
leukocyte conunon antigen-related tyrosine 
phosphatase (LAR) 0.898 0.742 0.637 

D31874 LIM domain kinase 2 (LIMK2) 0.862 0.735 0.566 
D31873 LIM domain serine/threonine kinase 1 (LIMK-1) 0.951 0.820 0.615 
L03294 lipoprotein lipase precursor (LPL) 1.268 0.788 0.725 

L46791 
liver carboxylesterase 10 precursor, carboxyesterase 
ES-10; PI 6.1 esterase; ES-HVEL 1.055 0.793 0.600 

U28927 liver Na+/Cl- betaine/GABA transporter 0.880 0.782 0.631 

J05029 
long chain-specific acyl-CoA dehydrogenase 
precursor (LCAD; ACADL) 1.384 0.932 1.041 

X05137 
low-affinity nerve growth factor receptor precursor 
(NGF receptor; NGFR); GP80-LNGFR; P75 ICD 

0.644 0.883 0.488 

X13722 
low-density lipoprotein receptor precursor (LDL 
receptor; LDLR) 0.985 0.775 0.676 

D10831 

L-selectin precursor; lymph node homing receptor; 
leukocyte adhesion molecule-1 (LAM-1); LY-22; 
lymphocyte surface MEL-14 antigen; leukocyte-
endothelial cell adhesion molecule 1 (LECAMl); 
CD62L 

0.904 0.717 0.594 

M26I99 lutropin-choriogonadotropic hormone receptor 0.874 0.791 0.645 
AF000300 Lyn tyrosine-protein kinase 0.838 0.710 0.595 

D63885 lysophospholipase 1.300 0.974 0.822 
U45965 macrophage infiammatory protein-2 precursor 0.963 0.823 0.502 
U62326 macrophage migration inhibitory factor (MIF) 1.257 0.914 0.911 
U09870 major vault protein (MVP) 0.918 0.672 0.727 

U59809 
mannose-6-phosphate/insulin-like growth factor II 
receptor (M6P/IGFR2) 

1.134 0.814 0.814 

J03823 
Mas proto-oncogene; G-protein coupled receptor, 
Mas-1 

1.052 0.804 0.760 
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U58857 maspin; protease inhibitor 5 (PIS); tumor suppressor 0.906 0.674 0.595 
U67915 mast cell protease 1 precursor (RMCP-I) 0.796 0.749 0.567 
U67907 mast cell protease 4 precursor (RMCP-4) 0.761 0.825 0.506 
U67909 mast cell protease 6 precursor (RMCP-6) 0.714 0.865 0.470 
U67910 mast cell protease 7 precursor (RMCP-7) 0.762 0.794 0.513 

U67911;U67912: 
U67913 

mast cell protease 8 precursor (RMCP-8) + mast 
cell protease 9 precursor (RMCP-9) + mast cell 
protease 10 precursor (RMCP-10) 

0.769 0.849 0.487 

D38495 mast cell protease-3 precursor 0.664 0.736 0.525 

L24374 
matrilysin precursor; PUMP-1 protease; uterine 
metalloproteinase; matrix metalloproteinase 7 
(MMP7); matrin 

0.893 0.711 0.568 

X83537 
matrix metalloproteinase 14 precursor (MMP14); 
membrane-type matrix metalloproteinase 1 (MT-
MMPl) 

0.817 0.701 0.517 

D14447 Max; c-myc dimerization partner & coactivator 1.060 0.697 0.700 

D85509 
membrane-type matrix metalloproteinase MT3-
MMP 

0.727 0.787 0.556 

D13963 metabotropic glutamate receptor 6 precursor 1.004 0.757 0.658 

M61099 
metabotropic glutamate receptor kinase (MGLURl; 
G-protein coupled); metabotropic glutamate 
receptor 1 precursor 

0.649 0.815 0.435 

M88601 metalloendopeptidase meprin beta subunit 0.590 0.791 0.447 

U27201 

mettaloproteinase inhibitor 3 precursor; tissue 
Inhibitor of metalloproteinase 3 (TIMP3) 1.429 1.194 1.306 

J03752 
microsomal glutathione S-transferase (GST12; 
MGSTl) 

1.459 1.270 1.375 

M36074 mineralocorticoid receptor (MR) 0.821 0.755 0.567 

L07736 
mitochondrial carnitine O-palmitoyltransferase I 
liver isoform (CPT I-L) 

1.283 0.870 1.031 

U73142 
mitogen-activated protein kinase p38 (MAP kinase 
p38); CSBP2 

0.928 0.767 0.613 

U80054 MLHl DNA mismatch repair protein 1.005 0.686 0.670 
D63834 monocarboxylate transporter MCTl 0.898 0.673 0.638 

U66478 
mothers against DPP protein rat homolog 1 
(MADl) 

0.910 0.737 0.669 

U66479 
mothers against DPP protein rat homolog 3 
(MAD3); putative tumor suppressor 

0.943 0.604 0.682 

D16237 
M-phase inducer phosphatase 2 (MPI2); cell 
division control protein 25 B (CDC25B) 

1.107 0.801 0.964 

X93591 MSH2 DNA mismatch repair protein 1.009 0.725 0.693 

L20684 
mu opioid receptor (MUORl); mu-type opioid 
receptor (MOR-1); opioid receptor B 

0.745 0.862 0.551 
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M81855 
multidrug resistance protein (MDRl); P-
glycoprotein (PGYl) 

0.956 0.657 0.681 

X96394 multidrug resistance protein (MRP) 0.990 0.804 0.928 

L15079 
multidrug resistance protein 2 (MDR2); P-
glycoprotein (PGY2) 

0.933 0.863 0.693 

JOS025 muscarinic acetylcholine receptor M2 0.586 1.095 0.454 
Ml 8088 muscarinic acetylcholine receptor M3 (MACHR) 0.677 0.935 0.468 

U25651 
muscle 6-phosphofructokinase (PFKM); 
phosphofructokinase 1; phosphohexokinase; 
phosphofructo-1-kinase A 

0.866 0.697 0.488 

AF003008 Myc-Max-interacting tumor suppressor (MXII) 0.911 0.764 0.637 
M11185 myelin proteolipid protein (PLP); DM-20; lipophilin 0.714 0.937 0.539 

Ml 6800 
myelin-associated glycoprotein precursor (L-
MAG/S-MAG); brain neuron cytoplasmic protein 3 

0.592 1.141 0.485 

X68199 myosin heavy chain 1 (MYRl) 1.362 0.994 0.925 

M59859 
myristoylated alanine-rich C-kinase substrate 
(MARCKS; MACS) 

0.752 0.875 0.495 

D84450 Na,K-ATPase beta 3 subunit 0.945 0.788 0.676 
M28647 Na+/K+ ATPase alpha 1 subunit 0.991 0.877 0.723 
M34097 natural killer (NK) cell protease 1 (RNKP-1) 0.973 0.931 0.589 
U57062 natural killer (NK) cell protease 4 (RNKP-4) 0.826 0.704 0.682 

M76705 
neuroendocrine convertase 1 precursor (NEC 1); 
prohormone convertase 1 (PCI); proprotein 
convertase 1 

0.841 0.680 0.525 

M63901 
neuroendrocrine protein 7B2 precursor; 
secretogranin V; SGNEl 

0.652 1.148 0.413 

D45201 
neurofibromin; neurofibromatosis protein type I 
(NFl); GTPase stimulatory protein 

0.830 0.693 0.567 

JOS 189 
neuromedin K receptor (NKR); neurokinin B 
receptor; NK-3 receptor (NK-3R) 

0.509 0.789 0.372 

Ml 6736 
neuromodulin; axonal membrane protein GAP43; 
PP46; B-50; protein FI; calmodulin-binding protein 
P-57 

0.686 0.787 0.496 

L31621 
neuronal acetylcholine receptor protein alpha-3 
chain precursor 

1.171 0.793 0.776 

L31622 
neuronal acetylcholine receptor protein beta 2 
subunit precursor (non-alpha 1; CHRNB2; ACRB2) 

1.047 0.775 0.663 

LI 0077 
neuronal nicotinic acetylcholine receptor alpha 2 
subunit 

0.643 0.826 0.479 

U08290 neuronatin 0.563 1.057 0.412 

AFO19973 
neuron-specific enolase (NSE); gamma enolase (EC 
4.2.1.11); 2-phospho-D-glycerate hydrolyase 

0.606 1.121 0.402 

AFO18957 neuropilin 0.797 0.805 0.508 
AFO16297 neuropilin 2 0.726 0.931 0.611 
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U6I772 
NF-2; moesin-ezrin-radixin-like protein (MERLIN); 
shwannomin; neurofibromatosis type 2 
susceptibility protein 

0.817 0.732 0.570 

L26267 
NF-kappa-B transcription factor pi05 subunit 
(NFKB pi05); NF-kappa-B 1 P84; NF-kappa-B 1 
P98 (NITCBl); DNA-binding factor KBFl; EBP-1 

1.008 0.766 0.762 

U56936 NK lymphocyte receptor; NKR-PIB 0.797 0.754 0.605 

X63255 
N-methyl-D-aspartate receptor (NMDARl); 
glutamate receptor subunit zeta 1 precursor; NRl 

0.683 0.924 0.450 

X63281 N-myc proto-oncogene protein 0.916 0.685 0.645 

X97375 
nociceptin precursor; orphanin FQ; PPNOC; ORLl 
receptor agonist precursor; endogenous agonist of 
opioid receptor-like ORLl receptor 

0.669 0.792 0.486 

M34728 
nonspecific lipid-transfer protein precursor (NSL-
TP); sterol carrier protein 2 (SCP2); sterol carrier 
protein X (SCPX) 

1.422 1.110 1.327 

D38530 
NOR-1; member of thyroid/steroid receptor 
superfamily 

0.824 0.679 0.567 

L27843 
nuclear tyrosine phosphatase; PRL-1; affects cell 
growth 

0.914 0.832 0.586 

U17254 
Nur77 early response protein; NGF-1; nerve growth 
factor induced protein I-B (NGFI-B); nuclear 
receptor 

0.930 0.918 0.557 

X54862 
O-6-methylguanine-DNA methyltransferase 
(MGMT); methylated-DNA-protein-cysteine 
methyltransferase 

1.005 0.806 1.032 

U76379; X78855 organic cation transporter lA (OCTIA) 0.868 0.857 0.766 
D83044 organic cation transporter 2 (0CT2) 0.848 0.771 0.638 

J04791;X07944 ornithine decarboxylase (ODC) 0.912 0.879 0.791 

AF003926 
ovalbumin upstream promoter gamma nuclear 
receptor rCOUPg 

1.140 0.710 0.618 

D55627 
pi30; retinoblastoma gene product-related protein 
Rb2/pl30; cell cycle regulator 

0.825 0.838 0.575 

L41275 p21; cipl; wafl 1.000 0.716 0.734 
D83792 p27Kipl 0.999 0.698 0.624 

XS0477 
P2X purinoceptor 1; ATP receptor P2X1; purinergic 
receptor; RP-2 protein 

0.726 0.736 0.486 

U14414 
P2X purinoceptor 2; ATP receptor P2X2; purinergic 
receptor 

0.650 0.766 0.455 

X13058 p53 nuclear oncoprotein 0.833 0.712 0.606 

L09216 
pancreatic lipase related protein 2 precursor; 
secretory glycoprotein GP-3 

1.065 0.755 0.711 

M27882; M27883 

pancreatic secretory trypsin inhibitor I precursor 
(PSTI-I); cholecystokinin-releasing peptide; 
monitor peptide + pancreatic secretory trypsin 
inhibitor II precursor (PSTI-Il); caltrin; calcium 
transport inhibitor 

1.142 1.005 0.773 
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U55836 ;parathyroid hormone receptor PTH2 0.586 0.915 • 0.542 
L'41744 ! PDGF-associated protein 1.038 : 0.783 1 0.584 

AB000280 peptidc/histidine transporter 0.865 1 0.763 j 0.583 
L26043 jperilipin A/B (PERLA/PERIB); lipid droplet-

; associated proteins A/B 1.068 1 0.726 1 0.648 

U90556 phosphatidate phosphohydrolase type 2 1.093 ' 0.777 , 0.727 
phosphatidylinositol 3-kinase regulatory alpha 

D64045 isubunit (PI13-lcinase p85-alpha subunit; PTDINS-3-
kinase p85-alpha; PI3K) 

1 1 
0.862 ' 0.935 | 0.614 

iphospholipase A2 precursor; phosphatidylcholine 2-
jacylhydrolase; PLA2G1B 1.222 i 1.077 i 1.094 

• 1 
U17901 Iphospholipase A-2-activating protein (PLAP) j 1.419 | 0.720 | 0.758 
.M20636 jphosphoUpase C beta 1 (PLC beta 1);PLC-I; PLC- 1 j ^ g,, | q 5^2 

|154 1 ! i 
M99567 Iphospholipase C beta 3 (PLC-beta 3) 0.799 1 0.911 1 0.557 
.M20637 Iphospholipase C delta 1 (PLC delta-1); PLC-III 1.331 1 0.916 1 0.614 
D50455 Iphospholipase C delta4 0.994 j 0.744 i 0.651 

J03806 C gamma 19PLCgamma-l); PLC- ^ ^3^ 0.545 

JOS 155 jphospholipase C gamma 2 (PLC gamma-2); PLC- 0.855 0.883 j 0.543 

X63675 |Pim-l proto-oncogene 0.960 0.708 0.694 

L02615 
PKJ-alpha; cAMP-dependent protein kinase 
inhibitor (muscle/brain form) 

0.778 0.792 0.486 

.M64092 
PK.I-beta; cAMP-dependent protein kinase inhibitor 
(testis form) 0.763 0.815 0.484 

D26180 
PKN cell morphology-related protein kinase; 
homologous to PKC 0.849 0.931 0.546 

L29281 PKR; double-stranded RNA-activatcd elF-2a kinase 0.824 1.253 0.495 
M55269 placental lactogen 1.073 0.768 0.555 
U58858 plakoglobin 0.768 0.796 0.476 

D00680 
plasma glutathione peroxidase precursor (GSHPX-
P; GPX3); selenoprotein 

0.756 0.836 0.495 

M58590 plasma kallikrein (rPK) 0.892 0.814 0.531 
J03552 plasma proteinase inhibitor alpha-!-inhibitor III 0.702 0.692 0.502 
M24067 plasminogen activator inhibitor -1 (PAI-1) 0.584 0.770 0.435 
U04740 platelet activating factor receptor 0.925 0.727 0.694 
L06894 platelet-derived growth factor A-chain (PDGF-A) 1.104 0.774 0.525 

M63837 
platelet-derived growth factor alpha receptor 
(PDGFRa) 

0.859 0.761 0.614 

ZI4117 platelet-derived growth factor B-chain (PDGFb ); c-
sis 

1.060 0.729 0.804 

X59601 plectin 1.045 0.745 0.751 

J03754 
PMCA; ATP2B2; calcium-transporting ATPase 
plasma membrane (brain isoform 2; EC 3.6.1.38); 
calcium pump 

0.734 0.861 0.494 
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D16554 polyubiquitin 1.463 1.285 1.395 
M84203 potassium channel protein; KSHIIIA3 0.874 0.762 0.617 
D82363 presenilin 1 (PSNLl; PSENl; PSl); SI82 protein 0.796 0.851 0.573 

AB004454 
presenilin 2 (PSEN2; PSNL2; PS2); homolog of the 
Alzheimer's disease susceptibility gene 

0.775 0.902 0.495 

U62779 presomatotropin 1.356 0.837 0.799 

M61219 
prohibitin (PHB); B-cell receptor-associated protein 
32 (BAP32) 

0.938 0.770 0.715 

Ml 3750 prolactine like protein A (rPLP-A) 1.113 0.765 0.651 
Y00047 proliferating cell nuclear antigen (PCNA); cyclin 1.061 0.731 0.702 
U92289 prostaglandin D2 receptor 0.822 0.768 0.640 

U94708 
prostaglandin E2 receptor EP2 subtype (PGE 
receptor EP2 subtype; PTGER2); prostanoid EP2 
receptor 

0.846 0.760 0.644 

U94709 prostaglandin E2 receptor EP4 subtype 0.914 0.712 0.654 
U47287 prostaglandin F2 alpha receptor 0.826 0.717 0.592 
M27156 prostatic secretory protein probasin (M-40) 0.823 0.739 0.495 

M34184; M15191; 
M341S3 

protachykinin alpha precursor (alpha-PPT); 
substance P + protachykinin beta precursor (beta-
PPT); substance P; neurokinin A; substance K; 
neuromedin L; neuropeptide K + protachykinin 
gamma precursor; substance P 

0.755 0.799 0.491 

D45249 proteasome activator rPA28 subunit alpha 0.934 0.917 0.760 
M29S59 proteasome component C2 1.453 1.259 1.392 
J02897 proteasome component C3 1.440 1.108 1.210 
M5S593 proteasome component C8 1.274 0.864 0.705 

D10754 

proteasome delta subunit precursor; macropain 
delta; multicatalytic endopeptidase complex delta; 
proteasome subunit Y; proteasome subunit 5; 
PSMB6 

1.349 0.943 0.801 

D10755 
proteasome iota subunit; macropain iota subunit; 
multicatalytic endopeptidase complex iota subunit; 
27-kDa prosomal protein (PROS27); PSMA6 

1.023 0.801 0.583 

D21800 proteasome subunit RC10-11 0.922 0.771 0.639 
D30804 proteasome subunit RC6-1 0.981 0.807 0.625 
D21799 proteasome subunit RC7-I 1.000 0.821 0.675 
D10757 proteasome subunit R-ringl2 0.818 0.681 0.524 
D10756 proteasome subunit R-zeta 0.794 0.695 0.549 
X07286 protein kinase C alpha type (PKC-alpha) 0.788 0.973 0.470 

Ml9007; X04440 
protein kinase C beta-I type (PKC-beta I) + protein 
kinase C beta-II type (PKC-beta II) 

0.924 0.918 0.609 

M18330 protein kinase C delta type (PKC-delta) 0.873 0.871 0.619 
Ml 8331 protein kinase C epsilon type (PKC-epsilon) 0.758 0.768 0.550 
X07287 protein kinase C gamma type (PKC-gamma) 0.763 0.752 0.663 
M18332 protein kinase C zeta type (PKC-zeta) 0.792 0.770 0.615 
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D38260 
protein phosphatase 2A-beta regulatory subunit B 
(55 kDa): beta-PR55 

0.819 0.801 0.597 

U61373 proteinase activated receptor 2 precursor (PAR-2) 0.883 0.769 0.666 
M20035; M86564 prothymosin-alpha (PTMA) 1.233 0.858 1.122 

AB004276 protocadherin 4 1.017 0.853 0.688 

AF013598 
proton gated cation channel drasic; sensory neuron 
specific 

0.755 0.781 0.572 

D50306 proton-coupled dipeptide cotransporter 0.926 0.704 0.676 

L2308S 
P-selectin precursor; granule membrane protein 140 
(GMP-I40); PADGEM; CD62P; leukocyte-
endothelial cell adhesion molecule 3 (LECAM3) 

0.917 0.688 0.604 

M75153 
Rab-1 lA; Ras p21-like small GTP-binding protein; 
24KG; YL8 

0.763 0.859 0.494 

X06889 Rab-3a ras-related protein 0.690 0.864 0.446 
Y14019 Rab-3b ras-related protein 0.772 0.859 0.540 
X06890 Rab-4a ras-related protein 0.745 0.837 0.554 
M94043 Rab-related GTP-binding protein 1.274 0.856 0.702 

D30040 
rac-alpha serine/threonine kinase (RAC-PK-alpha); 
protein kinase B (PKB); AKTl 

0.734 0.962 0.531 

D30041 
rac-beta serine/threonine kinase (rac-PK-beta); 
AKT2 

0.931 0.778 0.683 

L19698 Ral A; GTP-binding protein 0.930 0.817 0.553 
LI 9699 Ral B; GTP-binding protein 0.790 0.817 0.564 

L07925 
RalGDSB; GTP/GDP dissociation stimulator for a 
ras-related GTPase 

0.771 0.781 0.514 

U12187 ras associated with diabetes (RADl) 0.737 0.891 0.513 

X67241 
Ras-GRF (pl40): sos; guanine nucleotide 
release/exchange factor (GNRP) 

0.882 0.752 0.646 

L13151 
ras-GTPase-activating protein (GAP); ras p21 
protein activator; pl20GAP 

0.854 0.799 0.588 

D89863 ras-related protein m-ras 0.776 0.638 0.567 
J02999 ras-related protein Rab2 0.666 0.848 0.424 
D26439 rat CD I antigen precursor 0.929 0.748 0.647 

D25233 
Rb; ppIOS; retinoblastoma susceptibility-associated 
protein; tumor suppressor gene; cell cycle regulator 

0.849 0.655 0.602 

U09357 
receptor protein-tyrosine phosphatase zeta/beta (R-
PTP-Z) 

0.675 0.952 0.512 

U69278 
Rek4 Eph-related receptor tyrosine kinase; ephrin 
type-A receptor 3; EphA3; similar to Etkl 

0.939 0.580 0.580 

AF008221 + 
AB004559 

renal organic anion transporter (ROATI) + 
multispecific organic anion transporter (OATl) 

0.834 0.840 0.654 

J02941 renin 0.875 0.709 0.485 

X98490 
replication protein A 32-kDa subunit (RPA); 
replication factor-A protein 2 (RFA; RPA2) 

1.000 0.714 0.725 

U97142 RET ligand 1 (RETl) 1.450 1.007 1.109 
U97143 RET ligand 2 (RET2) 1.402 0.945 0.861 
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D31962 RhoGAP;pl22 0.736 0.818 0.480 

MS 1766 
RXR-beta cis-11-retinoic acid receptor; nuclear 
receptor co-regulator 1 

0.998 0.701 0.688 

X91619 Seal; spinocerebellar ataxia type 1 0.624 0.914 0.489 
U76205 scavenger receptor class B type I 1.110 0.819 0.831 

U06069 
Seel; syntaxin binding protein 1; UNC-I8A; UNC-
18-1;N-SEC1;RBSEC1 

0.729 0.850 0.499 

M93669 
secretogranin II precursor (SGII; SCG2); 
chromogranin C (CHGC) 0.561 1.106 0.441 

DS8666 
serine phospholipid-specific phospholipase A; PS-
PLAl precursor 1.130 0.784 0.727 

U36580 serine proteinase rPC7 precursor (PCSK7) 0.951 0.764 0.649 

M23591 
serine/threonine protein phosphatase 2A-beta 
catalytic subunit (PP2A-beta; PPP2CB) 0.867 0.833 0.603 

M30705 serotonin 5HT2 receptor 0.805 0.818 0.606 

L03202 
serotonin receptor; 5-hydroxytryptamine 6 receptor 
(5-HT-6); ST-B17; possesses high affinity for 
tricyclic psychotropic drugs 

0.879 0.809 0.477 

S68987; S6S989 
Set beta isoform + Set alpha isoform; neural 
plasticity-related protein 

0.697 0.873 0.515 

D83349 short type PB-cadherin 0.932 0.608 0.651 
DS5183 SHPS-1 receptor-like protein with SH2 binding site 1.222 0.737 0.812 

X918I0 
signal transducer & activator of transcription 3 
(STAT3) 

1.044 0.872 0.943 

U49062 signal transducer CD24 precursor; heat stable 
antigen (HSA); nectadrin 

0.960 0.751 0.725 

D37880 Sky proto-oncogene; Tyro3; Rse; Dtk 0.875 0.746 0.618 

U22414 
small inducible cytokine A3 precursor (SCYA3); 
macrophage inflammatory protein 1 alpha precursor 
(MIPl-alpha; MIPIA) 

0.825 0.823 0.485 

M29069 S-myc proto-oncogene protein; myc-related 0.863 0.772 0.622 
M22253 sodium channel I 0.786 0.779 0.593 
L39018 sodium channel protein 6 (SCP6) 0.912 0.847 0.716 
L19102 sodium dependent sulfate transporter 0.834 0.686 0.582 

M77479 sodium/bile acid cotransporter; sodium/taurocholate 
cotransporting polypeptide (NTCP); SLClOAl 1.181 0.967 0.950 

M79450 sodium-dependent serotonin transporter; 5HT 
transporter (5HTT) 0.766 0.909 0.507 

U03120; 
AB000729 sodium-glucose cotransporter 1 0.877 0.780 0.619 

LI 1004 
sodium-hydrogen exchange protein-isoform 2 
(NHE-2) 

1.016 0.717 0.678 

U10156 
somatoliberin precursor; growth honnone-releasing 
factor) (GRF); growth hormone-releasing hormone 
(GHRH). 

0.836 0.699 0.515 

M25890 somatostatin 1.004 0.757 0.575 
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GenBank 
Accession #(s) 

Gene Name DAM RMS EGF 

U04738 somatostatin receptor 0.897 0.827 0.640 
U21684 spleen tyrosine kinase (SYK) 0.768 0.826 0.456 

M69139 
SRI3 myelin protein; peripheral myelin protein 22 
(PMP-22); CD25 protein 

0.762 0.863 0.611 

M38566 

sterol 26-hyclroxyIase mitochondrial precursor (EC 
1.14.-.-); vitamin D(3) 25-hydroxylase; 5-beta-
cholestane-3-alpha,7-alpha, 12-alpha-triol 27-
hydroxylase 

1.018 0.839 0.723 

U37138 
steryl-sulfatase precursor (EC 3.1.6.2); steroid 
sulfatase; steryl-sulfate sulfohydrolase; arylsulfatase 
C (ASC) 

1.256 0.735 0.798 

U46034 
stromelysin 3; matrix metalloproteinase 11 
(MMPll) 

1.089 0.742 0.524 

L08814 
structure-specific recognition protein 1 (SSRPl); 
recombination signal sequence recognition protein; 
T160;CI1DBP 

1.021 0.768 0.875 

M31838 
substance K receptor (SKR); neurokinin A receptor; 
NK-2 receptor 

0.763 0.875 0.539 

M31477 
substance P receptor (SPR); tachykinin receptor; 
NK-1 receptor (NK-IR) 

0.808 0.859 0.611 

D83598 sulfonylurea receptor 0.895 0.795 0.683 
M27925 synapsin 2A 0.654 0.936 0.468 
M27S12 synapsins IA & IB (SYNl) 0.650 0.857 0.481 

M97381 
synaptic vesicle amine transporter (SVAT); 
monoamine transporter; vesicular amine transporter 
2 (VAT2) 

0.592 1.091 0.414 

L05435 synaptic vesicle protein 2 (SV2) 0.638 1.025 0.498 

M24104; J04827 
synaptobrevin 1 (SYB1); vesicle-associated 
membrane protein 1 (VAMPl) 

0.524 1.058 0.440 

M24105 
synaptobrevin 2 (SYB2); vesicle-associated 
membrane protein 2 (VAMP2) 

0.513 0.890 0.383 

L38247 synaptotagmin IV (SYT4) 0.690 0.982 0.565 

U09307 
Syp; SH-PTP2; adaptor protein tyrosine 
phosphatase 

0.932 0.822 0.531 

L08447 T-cell receptor CD3 zeta subunit 1.096 0.875 0.736 
D55648 T-cell receptor gamma subunit 0.960 0.620 0.703 

D10728 
T-cell surface glycoprotein CDS precursor, 
lymphocyte glycoprotein LY-1 (LYTl) 

0.990 0.720 0.632 

U89282 telomerase protein component 1 (TLPl) 1.315 1.009 1.260 

U07870 
testis lipid-binding protein (TLBP); 15-kDa 
perforatorial protein (PERF15); FABP9 

0.998 0.718 0.631 

M77S09 
TGF-beta receptor type III; betaglycan; candidate 
tumor suppressor gene 

0.777 0.808 0.608 

M61142 
thimet oligopeptidase (THOPl); endooligopeptidase 
A; endopeptidase 24.15; PZ-peptidase; soluble 
metalloendopeptidase 

1.170 1.029 0.784 
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GenBank 
Accession n{s) 

Gene Name DAM RMS EGF 

U06099 
thiore^oxin 1 (TDPXl); thioredoxin-
depen4ent peroxide reductase 1; thiol-specific 
anlioxi^^t^^ protein (XSA) 

0.845 0.716 0.592 

U25684 thymosin beta-liKe protem 0.979 0.685 0.514 

J03933 thyroid hormone beta receptor; c-erbA-beta 0.778 0.840 0.657 

M34842 thyroid stimulating hormone receptor 0.712 0.786 0.563 

M36317 
thyroliberin precursor; thyrotropin-releasing 
hormone precursor (TRH) 

0.833 0.657 0.472 

D17469 ihyrotfopin releasing hormone receptor 0.744 0.792 0.579 

U40260 Ussue carboxypeptidase inhibitor (TCI) 0.786 0.711 0.524 

L31884 tissue inhibitor ot melalloproteinase I (1 IMPi) 1.374 0.923 0.873 

L3I883 tissue inhibitor ot metalloproteinase-I {1 lMP-1) 1.045 0.815 0.597 

M23697 tissue-type plasmmogen activator (t-fAJ 0.695 0.753 0.555 

U34958 
transdi^cin beta-1 subunit; ti 1 F-binding protem 
G(i)/G(syG(t) beta subunit 1 

0.933 1.026 0.666 

U34959 
transdv^cin beta-2 subunit; Ci I H-binding protein 
G(i)/G(syG(t) beta subunit 2 (GNB2) 

1.119 0.752 0.964 

M58040 transferrin receptor protem; pyu; (JU71 0.789 0.768 0.610 

M31076 
transforming groNMh factor alpha (1 GFa); hGF-liJce 

TGF; gTGF 
1.033 0.802 0.824 

U03491 
transf<?nning growth factor beta 3 ( rGF-beta3); 
antiprc'l'ferative gro%vth factor 

0.829 0.588 0.531 

L26110 

transfo'Tning growth factor beta receptor type 1 
precursor (TGF-beta receptor type 1; TGFBRl; 
TGFRI ): serine/threonine-protein kinase receptor 
R4 (SiCR4) 

0.969 0.646 0.705 

L09653 
transforming growth factor-beta li receptor 
precursor (TGF-beta II receptor; TGFBR2) 

0.791 0.929 0.620 

U87305 transm^nibrane receptor UNUiHl. 0.826 0.746 0.578 

U87306 transmembrane receptor UJNCih2. 0.800 0.781 0.595 

Ml 6235 triacvlS'ycerol lipase precursor (hepatic) 1.333 0.824 0.826 

M5S369 triacvlSlyccrol lipase precursor (pancreatic) 1.017 0.835 0.665 

U50194 tripept^dylpeptidase il 0.754 0.660 0.514 

D32207 trombcipo'Ctin 0.938 0.656 0.508 

LOO 130; vol273 
trypsinOgen II (anionic precursor, EC 3.4.21.4); 
pretryf>sinogen II + trypsinogen I (anionic 
precur?on EC 3.4.21.4); pretrypsinogen I 

0.777 0.653 0.470 

vol227 tubulin alpha-! (ITJBAl) 0.937 0.896 0.861 

X66539 
tumor ^lecrosis factor alpha precursor (TOF-alpha; 
XNFA); cachectin 

0.708 1.037 0.570 

M63122 tumor /iccrosis tactor receptor l precursor (l NhKl) 0.851 1.098 0.883 

U94710 tvpe I procollagen C protemase enhancer protem 0.738 0.903 0.604 

U77971 urea transporter 0.769 0.786 0.579 

AF007789 + 
X71899 

urokinase receptor + GPI-anchored form urokinase 
jIasmiAOgen activator surface receptor (PLAUP-: 
JPAR); CD87 

0.919 0.681 0.606 
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GenBank 
Accession ^(s) 

Gene Name DAM RMS EGF 

X63434 
urokinase-type plasminogen activator precursor 
(UPA); U-pIasminogen activator 

0.924 0.747 0.580 

M84488 
vascular cell adhesion protein 1 precursor (V-CAM 
1) 

0.999 0.670 0.701 

AF014827 vascular endothelial growth factor D (VEGF-D) 0.828 0.649 0.519 

D28498 
vascular endothelial growth factor receptor I 
(VEGFRl); fms-related tyrosine kinase 1 (FLTl) 

0.842 0.664 0.568 

D45400 vasopressin VIb receptor 0.933 0.672 0.774 

L35767 
very low-density lipoprotein receptor precursor 
(VLDL receptor) 

0.913 .0.814 0.602 

U09211 vesicular acetylcholine transporter RVAT 0.959 0.583 0.532 
M60525 VGF8A protein precursor 0.606 0.838 0.465 
L48619 voltage gated potassium channel; kv43 0.961 0.865 0.704 

LI 5453 
voltage-activated calcium channel alpha-1 subunit 
(RBE-II); nickel-sensitive T-type calcium channel 
alpha-1 subunit 

0.733 1.068 0.563 

M64373 

voltage-dependent P/Q-type calcium channel alpha-
lA subunit (CACNAIA); L type calcium channel 
alpha-1 polypeptide isoform 4 (CACNLIA4; 
CACH4); brain calcium channel I; rat brain brain 
class A (RBA-1); CACN3 

0.754 0.794 0.683 

M59980 
voltage-gated K.+ chaimel protein; RK5; potassium 
charmel protein 

0.919 0.588 0.579 

Y09164 voltage-gated sodium channel (atypical) 0.929 0.600 0.514 

U14746 
Von Hippel-Lindau tumor suppressor protein 
(VHL) 

0.904 0.626 0.634 

D17695 water channel aquaporin 3 (AQP3) 0.925 0.898 0.619 
D31838 wee I tyrosine kinase 0.909 0.796 0.810 
X69716 Wilms' tumor protein (WTl); tumor suppressor 0.856 0.595 0.567 
U17133 zinc transporter (ZnT-1) 0.816 0.684 0.534 



196 

APPENDIX C. UNIVERSITY OF ARIZONA lACUC APPROVAL FORM. 



197 
THt UNIVtRSOYOf 

ARIZONA Ins inucionj l  Animdl  Cj re M Vl^.1 A—% 5 PO. Box 210101 
md IKc roinmmcc A Tucson, Arizona 83721 0101 
•ma Lsc eo.nmiiuo TUCSON ArJZONA 

Verification of Review 
Ov The Institutional Animal Care and Use Comxniitcc (lACUC) 

Final Approval Granted 

P[ IS Assurance No A-3248-01 -- USDA No 86-3 

T[TLI£ PROTOCOL CONTROL # 98-081 

"Feeding Suckling Rats, Rat Milk Substitute Using Automatic Mechanical Device" 

PRINCIPAL INVESl IGATOR/DHPARTMENT 

Anthony F. Philipps - Pediatrics 
Robert S. McCuskey - Cell Biology & Anatomy 

SUBMISSION DATE June 8, 1998 APPROVAL DATE Scplember 18, 1998 

GRANTING AGENCY 

NIH 
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