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Somatostatin (SST) is a regulatory peptide that activates G protein-coupled 

receptors comprised of five members (SSTRs 1-5). Despite the broad use of SST and its 

analogs in clinical practice, the spectrum of SST activities has been incompletely defined. 

Recently, it has been demonstrated that SST can be a chemoattractant for hematopoietic 

precursor cells through somatostatin receptor type 2 (SSTR2). Since hepatic oval cells 

(HOCs) share common characteristics with hematopoietic stem cells, we hypothesized 

that SST could act as a chemoattractant for HOCs by stimulating SSTRs. 

We showed an increased expression of SST in the 2-acetyl-aminofluorene 

(2AAF)/partial hepatectomy (PHx) HOC induction model, and this expression of SST 

was related to cell migration, but not proliferation. SSTR4 was preferentially expressed 

by HOCs. SST stimulated rearrangement of actin filament in and migration of HOC 

through SSTR4. These results suggest a positive role for SST in the migration of HOCs, 

and that this effect is mediated through SSTR4. 



 x

We also investigated whether the effect of SST/SSTR4 on the migration of HOC is 

a functional consequence in HOC-mediated liver regeneration and what type of signaling 

molecules are associated with this chemotactic action. The anti-migratory effect of TT-

232, which is a SST analogue with specific binding affinity for SSTR4, was determined 

in HOCs in vitro. Within cell transplantation model, a lower number of donor-derived 

cells was detected in TT232 treated animals, as compared to control animals. These data 

indicate that SST/SSTR4 appear to have an influence in the migration of HOC within the 

injured liver. Lastly, the activation of phosphatidylinositol-3-kinase (PI3K) was observed 

in HOC exposed to SST, and this activation was suppressed when the anti-SSTR4 

antibody or TT232 was utilized. In addition, decreased motility of HOC by the treatment 

with a PI3K inhibitor revealed that PI3K was an essential signaling molecule in HOC 

migration. Our findings suggest that SST stimulates the migration of HOC within the 

injured liver via SSTR4, and this action appears to be mediated by PI3K pathway. 
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CHAPTER 1 
INTRODUCTION 

Liver regeneration has evolved to protect animals in the wild from the catastrophic 

results of liver loss that can be caused by ingested toxins. The process has been 

recognized by scientists for many years and was even described by the ancient Greeks, 

who mentioned liver regeneration in the myth of Prometheus. Liver regeneration is a 

complex, evolutionarily conserved process that involves numerous hepatic cell types.  In 

these processes, hepatocytes rapidly re-enter the cell cycles and divide, although they are 

in the G (gap) 0 phase of the cell cycle and are normally quiescent. However, severe and 

chronic liver injury caused by drugs, viruses, and toxins impairs hepatocyte proliferation. 

When the ability of hepatocytes to divide and replace damaged tissue is compromised, a 

subpopulation of liver cells, hepatic stem cells, is introduced to proliferate and 

differentiate into hepatocytes and biliary epithelial cells. Stem cells are defined as cells 

capable of both self-renewal and multi-lineage differentiation. Also, stem cells have an 

ability to home to the appropriate site for their survival and/or proliferation. Homing is 

the first–and a fairly complex-process prior to cells’ proliferation. This chapter covers 

general aspects of the liver, such as function, anatomy, regeneration, and stem cell, 

specifically hepatic stem cells. Also, it reviews chemokines and molecular mechanism 

affecting homing of hepatic stem cells.   

Liver Structure and Function 

The liver is the largest solid organ, weights about 2–3% of body weight in human 

and 5% in mice.1 There has been much discussion about how to define the liver as a 
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structural and functional unit. In its simplest formulation,2 the histological units of the 

liver are lobules, irregularly oriented structures which contain rows of hepatocytes . The 

lobules are demarcated by peripheral spaces (portal triads) that have small branches of 

the portal vein, hepatic artery and bile ducts. In the portal spaces, the terminal segments 

of the biliary system connect with hepatocytes in the liver parenchyma through the canals 

of Hering. The hepatocytes in the lobular plates are separated by sinusoids and the plate 

extended from the portal spaces to the central vein located at the center of the lobular 

structure. Hepatocytes located at the periphery are referred to as periportal while more 

centrally located hepatocytes in the lobule are referred to as pericentral, perivenular or 

centrolobular.3 The functional units of liver are acinus. There are three acinar zones 

within the lobule. Zone 1 includes hepatocytes that surround the portal triad; Zone 2 is 

composed of inter-zonal hepatocytes; Zone 3 consists of hepatocytes that surround the 

central vein. In this acinar structure, blood flows through sinusoids from Zone 1 to Zone 

3, and the bile moves in the opposite direction from Zone 3 to Zone 1. It is believed that 

hepatocytes within different acinar zones have different functions and the hepatocytes 

within Zone 3 are characterized by their increased DNA content (4N to 16N) and largest 

size. Also, Zone 3 hepatocytes are found to be predominantly bi-nucleated. Hepatocytes 

within Zone 1 are smaller and usually single nucleated (2N).4 

The cell types of the liver that carried out most of the hepatic function are 

parenchymal cells, including hepatocytes and bile duct cell in hepatic plates. Non-

parenchymal cells are lined in sinusoids and composed of sinusoidal endothelial cells, 

stellate cells, Kupffer cells, fibroblasts and leukocytes. The individual cell-cell contacts 
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between each other in an intimate relationship and with extracellular structure. These 

cells form a unique architectural arrangement facilitating the function of the liver. 

The liver has many special functions First, the liver functions as a secretary organ, 

and is appropriately situated in the body to carry out its synthesis of protein, 

detoxification, metabolism, storage of glycogen, and secretion of bile acid. Indeed, 

because of its numerous biochemical functions, the liver is considered the biochemical 

factory of the body. Second, the liver is organized strategically to coordinate its structure, 

including its blood circulation, with its functions. Liver has the structural and functional 

unit of the liver, called an acinus, and bile canaliculi that transport bile produced by the 

liver cells. Third, the liver has a unique, dual blood supply, portal vein and hepatic artery. 

The portal vein carries oxygen rich blood, while blood from hepatic artery nourishes the 

bile ducts and liver cells. They both join in tiny blood vessels called sinusoids.4    

Liver Regeneration 

The liver regeneration is a well-known capability of the liver and occurs in 

response to an excessive metabolic workload imposed by the body. However, we still do 

not fully understand what sorts of workloads, how metabolic work is translated into a 

growth signal, what starts the growth and stops it, and what the growth effectors are? 

Therefore, the numerous studies for these questions are now being addressed in both in 

vitro and in vivo systems. 

The term “regeneration” is firmly embedded in the literature, but is inaccurate in 

that the excised lobes do not regrow. Instead, the remaining lobes enlarge, undergoing 

what is more accurately termed a “compensatory hyperplasia”. The histological 

architecture is preserved throughout this process. In the normal adult rat liver, 

hepatocytes are highly differentiated and essentially all in a state of growth arrest, or G0. 
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Hepatocytes are induced to enter the cell cycle by the cell loss or functional inadequacy, 

for example due to surgical resection, infection, toxic or physical injury, or to metabolic 

imbalances caused by severe diabetes, to drastic changes in nutrients, or to pregnancy in 

rats and mice where multiple fetuses occur in a small animal. When the excess metabolic 

workload is removed, the liver shrinks back to normal size by apoptosis. 

Partial hepatectomy (PHx) is widely used to induce liver regeneration, because it is 

reproducible with constant results, well tolerated, delivers a quantifiable stimulus and is 

free of the side effects and damage to surviving cells associated with carbon tetrachloride 

(CCl4) or other commonly used toxic agents. Following the standard 70% hepatecptomy, 

the potentially interrelated growth and stress associated changes start almost 

immediately. The earliest documented events include monovalent cation fluxes, changes 

in intracellular pH, alterations in amino acid transport,5 and activation of certain liver 

function specific and immediate-early genes.6,7 Early events also involve activation of 

second messengers and signaling pathway and further changes in gene expression and 

attendant alteration in the biochemistry of the cells as they undergo the transition from G0 

to the G1 phase of the cell cycle an continue through G1 into the S (synthesis) phase. 

DNA (deoxyribonucleic acid) synthesis, marking the S phase of the cell cycle, 

begins at about 14 to 16 hour (hr) following a partial hepatectomy in young adult rats, 

rises steeply to a sharp peak at 22 to 24 hr, then falls and continues at a diminished level 

until the original liver complement is restored in a little more than a week. Mitosis 

follows DNA synthesis 6 to 8 hr later. DNA synthesis and mitosis are observed to occur 

first in hepatocytes in the periportal areas, subsequently spreading centrally. During the 

first 72 hr, when the major cell division has occurred, about 80% of the new hepatocytes 
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are formed in the periportal region of the liver lobules. DNA synthesis in ductal cells 

follows that in hepatocytes and peaks 12 to 24 hr later. 8,9The regenerative process is 

most rapid in weanling animals and slowest in old animals.10,11  

In regenerating livers, DNA synthesis first appears periportally but progresses in 

time to involve the whole lobule with the possible exception of a very few cells close to 

the central vein.9 The fact that all hepatocytes have proliferative potential has been shown 

in animals given [3H] thymidine repeatedly for several days, during which essentially all 

of the hepatocytes become labeled.12 When rats are subjected to PHx at monthly intervals 

for a year, the liver regenerate repeatedly. Although at first the existing lobules enlarge, 

new lobules ultimately develop after additional hepatectomics.13 The rate at which 

regrowth occurs is proportional to the extent of liver loss. If the deficit is small, the liver 

regrows more slowly, despite its high growth potential.14 If the liver resection is 

increased beyond the usual 70% up to 80 to 90%, however, the animals are severely 

stressed and DNA synthesis is not further increased.15 

The signals that initiate regeneration are clearly derived from extrahepatic sources, 

since they are transmitted by the blood. The signaling molecules are generally thought to 

be combinations of interacting hormones, growth factor, and cytokines, although direct 

action of nutrients or metabolites has not been ruled out. The complexity of this problem 

is compounded by the fact that the same growth factors can act both positively and 

negatively; transforming growth factor β (TGFβ), hepatocyte growth factor (HGF), and 

glucagons are well-known examples.12 Infusion of insulin and epidermal growth factor 

(EGF) individually into normal rats weakly stimulates DNA synthesis, but when 

combined, the stimulus is substantial. Addition of glucagons to this combination is 
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inhibitory, but when insulin is omitted glucagons become weakly stimulatory. Similar 

effects are demonstrable in hepatocyte cultures. Thus, it appears that hormone and growth 

factors interact in synergistic or antagonistic combinations, and the same substance may 

act positively or negatively, depending on the circumstances. 

After a long slow start, research on liver regeneration is gaining momentum at an 

accelerated rate. The framework, based on whole animal studies, is in place. Many of the 

parts that function within it are recognized and their potential roles are currently under 

intensive study at the molecular level. Although the complexities that are emerging may 

appear overwhelming, the technologies are at hand, and the pieces that fit into the puzzle 

are coming into sharper focus. The final step, assembly of the parts into the integrated 

whole that emcompasses liver regeneration in vivo, is about to begin.  

Stem Cell 

No area of research since gene therapy has evoked so much enthusiasm and 

passionate debate as stem cell research. Torch as the cure for degenerative disease or the 

solution for the shortage of organ transplantation, stem cells start to unlock the mystery 

of human development and aging. 

Stem cells are unique cells. All stem cells can self-renew, proliferate indefinitely 

and differentiate into specialized tissues according to the source of the stem cells. In 

general, stem cells are classified by the ability of differentiation. First, as a fertilized 

oocyte and a blastomere, totipotent stem cells can differentiate and generate a complete 

organism. Next, embryonic stem cells (ES) derived from the inner cell mass of a 

blastocyte. They are called as pluripotent stem cells, which retain the property of self-

renewal and the ability to differentiate into cells and tissue from all three germ layers. 

However, these cells cannot form tissues. Finally, multipotent stem cells are also 
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undifferentiated cells found among differentiated cells in a tissue or organ. They can self-

renew and differentiate to yield major specialized cell types of a tissue or organ. These 

stem cells persist into adulthood and are responsible for the maintenance and regeneration 

of several organ systems.  These tissue specific multipotent cells are defined as adult 

stem cells and called somatic stem cells.  

Pluripotent Stem Cell 
Debate over stem cells centered on the source of the pluripotent stem cell. Stem cell 

isolation techniques are adopted from animal models that have existed for more than 30 

years.16,17 By extracting the inner cell mass from a mouse blastocyte, ES cells can be 

cultured and indefinitely maintained in vitro. The embryos from which human ES cells 

are derived are typically four or five day old hollow microscopic ball of cells called the 

blastocyte. The blastocyte includes three structures: the trophoblast, which is the layer of 

cells that surrounds the blastocyte; the blastocoel, which is the hollow cavity inside the 

blastocyte; and the inner cell mass, which is a group of an approximately 30 cells at one 

end of the blastocoel. The inner cell mass is transferred into a plastic culture dish and 

subcultured during six months or more. The original 30 cells of the inner cell mass yield 

million of ES cells, which can proliferate in cell culture without differentiating, and are 

refereed to as an ES cell line. 

From a therapeutic viewpoint the ES cell culture represents a potentially unlimited 

source for stem cell therapy. In an animal model for Parkinson’s diseases, transplantation 

of undifferentiated ES cells showed functional improvement of motor asymmetry.18 

However, the study of human ES cells has met with many obstacles on ethical and 

technical fronts. Human pluripotent cell line was obtained from two sources. Dr. 

Thomson’s group isolated human ES cell from unused embryos from in vitro fertilization 
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cycles,19 and Dr. Gearhart’s group isolated human EG (embryo germ) cell from aborted 

fetuses.20 Both cell lines were donated for research purposes with informed consent of the 

donors and showed similar developmental potential.21 Because the embryo and unborn 

fetus are unable to grant consent for use, advocates have vowed to protect the rights of 

the human embryo and fetus.22 On the other hand, some individuals argue that since 

multiple embryos are generated for a couple in the in vitro fertilization clinic and often 

are not all used they could be potentially useful for  research purposes rather than 

destroying them or storing them indefinitely.23 In 2001, President Bush restricted 

research of human ES cell on 64 ES cell lines that existed before August 2001 by 

providing very strict criteria. The reality seemed much more restrictive because scientists 

complained that only a few of these lines are actually available and in some cases they 

are expensive or involve heavy intellectual property entanglements.  

In addition, although the intent of the ES cell is to generate tissue/organ for 

transplantation, the success of cloning in animals such as Dolly has brought the fear of 

potential human cloning. With these mounting concerns over the use of ES and EG cells 

attention has been turned to adult stem cells with reexamination of their potential and 

plasticity. 

Adult Stem Cell and Plasticity 
Research on adult stem cell has generated a great deal of excitement. Scientists 

found adult stem cells in many more tissue than they once thought possible. This finding 

led scientist to ask whether adult stem cells could be used for transplants. In fact, the 

history of research on adult stem cells began about 50 years ago. In the 1960, the seminal 

work of Till and McCulloch 24 laid the foundation for the identification and enrichment of 

a population of bone marrow derived cells capable of self-regeneration and repletion of 
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the entire hematopoietic cell line.25,26 After that, scientists have reported that adult stem 

cells occur in many tissues and that they enter normal differentiation pathways to form 

specialized cell types of the tissues in which they reside. Adult stem cells also exhibit the 

ability to form specialized cell types of other tissues, which is known as 

transdifferentiation or plasticity.  

Many experiments have challenged the long-standing belief that adult stem cells or 

organ specific stem cells are lineage restricted. In other words, the theory that as cells 

become more differentiated, they lose plasticity or the ability to differentiate may not 

hold true in all instances. The tracking of cell lineage with transgenic markers such as 

Lac-Z or green fluorescent protein (GFP), or with the Y chromosome suggest an 

unrealized potential for adult stem cell to cross tissue lines and transdifferentiate. Starting 

with these early experiments, other researches also found evidence suggesting that adult 

stem cells from various organs can contribute to the regeneration of other, often 

dissimilar organs. In addition, a new promising type of adult stem cell, MAPC 

(mutipotent adult stem cell) was thought as versatile as ES cells without the risk of 

tumorgenicity and hence to have a great impact on therapy for diseases of degenerative 

origin. 

However, many scientists argued that there was a lack of evidence demonstrating 

that adult stem cells can match the versatility of ES cells derived from embryos. 

Andersen et al.27 suggested that traditional identification of lineage unrelated progeny by 

morphology, lineage specific antibodies or surface markers was not sufficient to 

demonstrate plasticity. Also the reproducibility of other transdifferentiation results had 
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been questioned.28,29 Moreover, reports of spontaneous cell fusion have cast further 

doubts on whether transdifferentiation actually occurs.30,31 

Hepatic Stem Cells 

Over the years, substantial evidence has accumulated suggesting the existence of 

potential liver stem cells (LSCs) in the adult liver. In all cases, the putative LSCs were 

activated to proliferate and differentiate when the regenerative capacity of terminally 

differentiate hepatocytes was compromised. For that reason, LSCs were regarded as 

facultative stem cells or liver stem like cells.4,32-34 It would be almost impossible to assign 

a universal definition of LSCs. Following the reasoning of Potten and Loeffler, it could 

be provided an updated definition of the tissue-specific LSC: (1) undifferentiated, (2) 

self-maintaining (self-renewing), (3) pluripotent and capable of producing multilineage 

(or at least bilineage) progeny, (4) capable of repopulating the liver, and (5) flexible in 

expressing these previous characteristic. The actual LSC will be the one that expresses all 

four characteristics. LSCs express one or more of the four characteristics would be 

potential LSCs. Following this definition, a clear distinction among hepatic stem cells in 

embryonic, fetal, and adult liver can be made. The progeny of the potential LSCs are the 

well-described progenitor or oval cells in adult liver. 

Oval cells were first reported by Kinosita et al. 35 who observed small, ovoid cells 

in liver of rats exposed to the carcinogenic azo dye ‘Butter Yellow’. These cells were 

later termed oval cells because of their characteristic morphology; ovoid nucleus, small 

size (relative to hepatocytes) and high nuclear to cytoplasmic ratio.36 Oval cells are 

observed to proliferate in the periportal region of the liver and, as liver damage processes, 

they infiltrate into the parenchymal along the bile canaliculi between the hepatic cords.4,37 

Rodent Model of Oval Cell Induction 
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Although many rodent models are currently used to study oval cell biology, most of 

the models of activation and proliferation of oval cells were developed in rats. Thus, the 

activation of oval cells was observed after treatment of rats with azo-dyes, feeding a 

choline-deficient diet supplemented with ethionine, feeding N-s-fluorenyl-acetamide 

(2AAF) in combination with PHx, treatment with pyrrolizidine alkaloids in conjunction 

with PHx, after severe liver injury with D-galactosamine, or feeding rats a copper-

deficient diet. Other murine-specific models were also described: oval cells expansion in 

dipin-induced hepatocarcinogenesis,38 in phenbarbital- or cocaine-induced periportal 

injury,39 and the 3, 5-diethoxycarbonly-1, 4-dyhydro-collidine (DDC) model of alcoholic 

liver diseases.40 

Characteristics of Oval Cells 
Oval cells share some phenotypic characteristics with hematopoietic progenitor 

cells, namely the receptor for stem cell factor (c-kit), and its ligand stem cell factor and 

the related proteins flt-3 and flt-3 ligand,41 considered to define early embryonic 

hematopoietic precursors.42 Expression of c-kit was also reported in normal and pediatric 

human liver. However, c-kit-mediated signal transduction seems not to be essential for 

proliferation of oval cells in rodents, and it was reported rat ED (embryonic development) 

13 fetal hepatoblasts do not express this receptor.43 Oval cells express CD34,44 a marker 

of early hematopoietic progenitor cells and vascular endothelium, implicated in signal 

transduction and cell adhesion. Thy-1 (CD90), found on the surface of many early 

hematopoietic progenitor cells, immature B cells, and T cells, is also expressed in oval 

cells.45 Recently, it was also shown on the DDC model of mouse liver injury that 

proliferating oval cells express A6 46 and another hematopoietic surface marker, Sca1, 

specific for hematopoietic stem cell (HSC).47     
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Origin of Oval cells   
Two major views regarding the localization of oval cells in the quiescent liver have 

been developed over the years. The prevailing view is that the potential hepatic stem cells 

are localized in the canals of Hering, the smallest branches of the intrahepatic biliary tree, 

lined by both hepatocytes and bile duct epithelial cell (BDEC).4,32,33,48 The second view is 

that hepatic stem cells are localized in the periductular/intraportal zone and that they are 

small nondescript cells that give rise to progenitor cells of hepatocytes and BDEC and 

that the periductular progenitor cells may originate from an extrahepatic (bone marrow) 

source49. Petersen and coworkers50 transplanted syngenic bone marrow cells into lethally 

irradiated female animals treated with 2AAF and CCl4, which causes hepatic injury and 

impairment of hepatocytes proliferation, and found oval cells in the liver 9 days after 

injury and hepatocytes 4 days later. 

The fetal liver functions as a hepatic and hematopoietic organ. As stated earlier, 

hepatic oval cells express hematopoietic markers not expresses in adult liver. These data 

prompted Petersen et al 50 to study whether bone marrow progenitors can give rise to oval 

cells in the liver. Lethally irradiated female rats were transplanted with genetically 

marked male bone marrow (CD23) and then subjected to severe liver injury (2AAF/CCl4 

protocol). The authors50 observed the appearance of donor-derived hepatocytes in the 

liver of the injured animals. Theise et al.51 used a similar approach in mice without 

causing injury to the liver and sorting the CD34+lin- hematopoietic cell fraction. They 

found Y chromosome-positive hepatocytes with albumin expression in the liver of female 

mice that originated from the donor bone marrow. To identify further the bone marrow 

cell capable of differentiating into hepatocytes, Lagasse et al.52 used purified HSCs (c-

kit+ Thy1low, lin-, and Sca-1+) and transplanted them into lethally irradiated FAH 
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(fumarylacetate hydrolase)-/- mice. Three weeks after cell transplantation, the animals 

were subjected to liver injury by removal of the drug NTBC, which is a pharmacological 

inhibitor of tyrosine catabolism upstream of FAH. Seven months later, numerous 

repopulating nodules of donor-derived FAH-positive hepatocytes were observed. Cross-

gender, or cross- strains, bone marrow and whole liver transplants in mice have identified 

cells in the bone marrow that are capable of repopulating the liver.50,51 These results are 

supported by human studies using archival liver biopsy specimens from recipients of 

cross-gender therapeutic bone marrow transplants who later developed chronic liver 

damage due to recurrent disease. Analysis for the presence of the Y chromosome in cell 

of the liver biopsy specimens showed that bone marrow-derived cells give rise to 

hepatocytes alone, or both hepatocytes and cholangiocytes53,54. However, there is 

disagreement on the extent of engraftment. Alison et al.55 reported a relatively low 

frequency of Y chromosome positive hepatocytes (0.5%-2%); whereas Theise et al.53 

reported that, even in mild conditions, significant engraftment (5-21% for hepatocytes 

and 4-18% for cholangiocytes) occurred; while in cases of severed injury, up to 64% of 

periportal hepatocytes and 38% of cholangiocytes were donor derived.53,54 Hence, 

hematopoietic cells are capable of migration to the liver and differentiating into 

hepatocytes in rodents and humans; however, the role of these cells in liver regeneration 

remains unclear. 

The origin of the hepatic oval cell remains a contentious issue. Nevertheless, it is 

increasingly apparent, as hypothesized by Sell,49 that three levels of proliferating cells are 

associated with the liver. These are: the mature adult hepatocytes; a tissue-determined 

stem cell, originating endogenously in adult liver in the terminal bile ducts; and a 
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multipotent stem cell, that may be exogenously derived from circulating bone marrow 

stem cells, The direct lineage relationship that links bone marrow-derived hepatic stem 

cells and/or hepatic colony-forming-unit in culture (H-CFU-C)’s to oval cells has not 

been definitively proven.  

Oval Cell-mediated Liver Regeneration 

Regardless of the hepatic progenitor cell origin, it is well established that oval cell 

proliferation occurs when the replicative capacity and function of hepatocytes are 

impaired. Oval cells are resistant to the effects of hepatotoxins/carcinogens, thus, they 

proliferate and migrate throughout damaged liver lobules to replace lost parenchyma. 

Given the association between experimental models of hepatotoxicity and carcinogenesis, 

it is not surprising that oval cells have been identified in acute and chronic human liver 

pathologies including hepatitis B virus/ C virus infection, hemachromatosis and alcoholic 

liver disease.56-60 An extensive inflammatory response is characteristic of many chronic 

liver diseases. This response is mediated through resident Kupffer, hepatic stellate cells 

and infiltrating inflammatory cells, which secrete chemokines, growth factors and 

cytokines in response to liver injury. As such, the histological changes that accompany 

oval cell proliferation provide useful clues for identifying factors that mediate oval cell 

activation. 

Inflammatory cytokines 
Two important inflammatory cytokines related with the regulation of liver growth 

are tumornecrosis factor (TNF) and interleukin-6 (IL-6). The majority of hepatic TNF 

produced during liver regeneration is Kupffer cell derived. Inhibition of TNF by 

dexamethasone administration, or depletion of Kupffer cells by treatment with 

gadolinium chloride prior to bile duct ligation completely ablates oval cell induction.61 In 
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addition, TNF receptor 1 knockout mice have been shown to impaired oval cell 

proliferation.62 

In contrast, there is conflicting evidence regarding the requirement for IL-6 in via 

oval cell –aided liver regeneration. IL-6 production following 2AAF/PHx is inhibited by 

dexamethasone with an accompanying reduction in oval cell numbers. This suggests its 

involvement in the activation of the oval cell.63 However, comparison of the cellular 

response to cocaine-induced periportal injury in normal and IL-6-/- mice demonstrated the 

increase in proliferation of periportal oval cells in IL-6-/- mice to compensate for the 

decrease in restorative proliferation of hepatocytes, biliary epithelia and sinusoidal 

cells.39 Ten day after injury, the liver was completely repaired in all mice, indicating that 

IL-6 is not essential for oval cell proliferation. It is feasible that other members of the IL6 

family, including leukemia inhibitory factor (ILF) and/or oncostatin M (OSM), may 

compensated for the absence of IL-6 in these mice.64 Indeed, LIF is increased and 

remains elevated during oval cell induction, suggesting that it may have a role in the 

expansion and differentiation of the oval cell compartments.65 OSM has recently been 

implicated in the maturation of fetal hepatocytes in vitro and in vivo,66 and it may have a 

similar role in the hepatic differentiation of oval cells. 

Interferon (IFN-γ) is another inflammatory cytokine considered to play an integral 

role in controlling stem cell-mediated liver regeneration.67 

Function of Hepatic Stellate Cells 
The concurrent proliferation of mesenchymal cells with oval cells was first reported 

by Popper et al. in 1957 68 and, using the 2AAF/Phx model, Evarts et al.69 showed that 

hepatic stellate cell proliferation is closely associated with oval cell proliferation. Hepatic 

stellate cells express HGF, TGF-β, TGF-α, and acidic fibroblast growth factors (aFGF). 
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Interestingly, these cytokines have all been identified in regenerating liver following 

PHx. Hepatic stellate cell-derived HGF may cause oval cell proliferation via the 

paracrine activation of HGF receptor, c-met.70 A marker increase in hepatic aFGF level 

has been reported at the peak of oval cell proliferation in the 2AAF/PHx model, and 

levels greatly exceeded those observed after PHx alone, suggesting a more prominent 

role for a FGF in oval cell-mediated regeneration.71 High level of TGF-α expression are 

observed not only in hepatic stellate cells, but also in oval cells in the 2AAF/PHx 

model,69,72 and TGF-α expression is detected in foci of hepatocytes that appear to be oval 

cell-derived.57 In contrast, TGF-β is implicated as a negative regulator of oval cell 

activation. TGF-β1 expression on smooth muscle actin (SMA)-positive hepatic stellate 

cells coincides with oval cell proliferation in the 2AAF/PHx model and correlates with 

maximal oval cell apoptosis.73 As TGF-β1 is proposed to be a negative growth signal that 

controls liver size by the induction of apoptosis during compensatory hyperplasia, it is 

possible that TGF-β1 may assist in the remodeling of liver parenchyma during oval cell-

mediated liver regeneration by terminating oval cell activation.73 

Stem Cell Factor 
Stem cell factor (SCF) and its receptor, c-kit, play a fundamental role in survival, 

proliferation, differentiation, and migration of a variety of stem cells and may similarly 

affect oval cells. SCF is induced early in the activation of oval cells by 2AAF/PHX, but 

this is not observed following PHx alone.41 Oval cell precursors express both SCF and c-

kit, suggesting that an autocrine mechanism may be involved, although the precise role of 

this receptor-ligand system in liver regeneration is unclear. Oval cell induction is 

significantly suppressed in Ws/Ws (white spotting on the skin) rats, in which the c-kit the 

c-kit receptor tyrosine kinase activity is severely impaired.74 Once oval cells appeared in 
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Ws/Ws rats, expression of oval cell specific marker proteins and the proliferative 

response of these cells were similar to control, implying that tyrosine kinase-mediating 

signal transduction is not essential for the phenotype or proliferation of oval cells. It 

appears that the SCF/tyrosine kinase system plays a crucial role in oval cell appearance, 

either by regulating the number of hepatic progenitor cell within the liver or by 

committing hepatic progenitor cells to differentiation into oval cells.  

Interaction with the Extracellular Matrix  
The plasminogen activator and plasmin proteolytic cascades have an important 

function in stem cell-mediated regeneration, as most regenerative responses are 

associated with changes in the extracellular matrix. The plasminogen activator/plasmin 

system is complex, involving many proteins including urokine-type plasminogen 

activator (uPA), tissue type plasminogen activator (tPA), the uPA receptor (uPAR), and 

plasminogen activator inhibitor 1 (PAI-1).75 The upregulation of uPA mRNA 

accompanying oval cell proliferation has been reported, and infusion of uPA enhanced 

the mitogenic responses of cells located near bile ducts after the administration of 2AAF. 

Expression of uPA and PAI-1 is upregulated in the 2AAF/PHx model of oval cell 

induction, and localized to the ductal structure formed by the oval cells.76 Urokinase-type 

plasminogen activator expression was also detected in non-parenchymal cells along the 

hepatic sinusoids. In addition to the significant remodeling and oval cell migration into 

the parenchyma that is occurring, this system may play a role in regulating several 

growth factors that are involved in oval cell regeneration. The expression of uPA, uPAR, 

and PAI-1 is upregulated in vivo and in vitro by a number of cytokines and growth 

factors, including HGF, EGF, and TGF-β. Additionally, HGF and TGF-α are both 

secreted as latent factors and require activation by protesases.77-79 
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A number of cytokines, growth factor, and chemokines released from Kupffer, 

hepatic stellate and oval cells act in concert to control oval cell proliferation and 

remodeling of the liver parenchyma. The identification of these factor that control this 

process, and clarification of their mechanism of action with respect to oval cell mediated 

liver regeneration will facilitate the establishment of in vivo models to investigate oval 

cell biology. 

Homing Capacity of Stem Cells 

The hallmark of stem cells is their migration and repopulation potential (self-

renewal and multi-lineage differentiation abilities). Interestingly, migratory capacity of 

stem cells in vitro correlates with their in vivo repopulation potential. Tissue damage 

leads to a dramatic increase in the level of secreted chemokines, cytokines, and 

proteolytic enzymes in many organs as part of the regeneration and repair process, which 

have profound impacts on stem cell migration and repopulation. For example, the stromal 

cell-derived factor 1 (SDF-1)/ CXC chemokine receptor 4 (CXCR4) pathway have been 

well known in homing of hematopoietic progenitor cell to BM or leuckocyte migration to 

tissue.80-82 However, there is relatively little information regarding the biological factors 

that influence hepatic oval cells, although these factors, which regulate the different 

hematopoietic lineages, are well characterized. 

Increasing evidence has emerged that growth factor and cytokines produced by 

Kupffer and hepatic stellate cells play a role in the proliferation of oval cells. In vitro 

experiments have shown that several interleukins and chemokines are mitogens for oval 

cells.83 In oval cell mediated liver regeneration, hepatic oval cells are observed in being 

scattered away from the portal tract periphery deep into the lobular parenchyma. This 

topography of oval cell distribution indicated that oval cells might be mobile cells. Based 
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on ultrastructure studies in rat liver, it has been proposed that oval cells migrate by 

amoeboid movement with the help of pseudopodia.59 Previous studies have shown a 

correlation between hepatic oval cell proliferation and parenchymal inflammation. The 

finding that the inflammatory infiltrate influences the activation and localization of stem 

cells strongly suggested that one or more cytokines produced by the inflammatory 

infiltrate function as growth or chemotactic factors for the oval cells.59 

The homing capacity of hepatic oval cells is a significant and intriguing aspect of 

stem cell biology. Therefore, the molecular mechanisms regulating oval cell homing 

deserve more intensive study, especially given the importance of such homing in a 

variety of medical applications. 

Somatostatin and Its Receptors 

Somatostatin (SST) is an attractive regulatory hormone, which was first reported in 

1973 as a hypothalamic hormone inhibiting growth hormone (GH) secretion. SST has 

two biological active forms, SST-14 and SST-28, which are generated as C-terminal 

product from proSST.84 SST-14 was originally described in the hypothalamus and the 

amino-terminally extended SST-28 discovered later on in the gut. SST-14 and SST-28 

are predominantly expressed in neuron and secretary cells in the central and peripheral 

nervous systems, the gastrointestinal tract, pancreas, pituitary, kidney, retina, and 

immune system.84 The major action of the neuropeptide includes inhibition of hormone 

secretion from the pituitary, most notable that of GH,85 the pancreas, and other endocrine 

and exocrine secretion in a number of various organs. Also, SST controls the 

proliferation of normal and tumor cells.84 Additionally, it is involved in differentiation 

and migration of thymocytes.86 Recently, SST has been shown to exert a function as 

chemoattractant for immature neuronal and hematopoietic cells.87,88  
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These broad biological functions of SST are mediated by at least five receptors 

subtypes, which all belong to the family of seven α-helical transmembrane domain G 

protein -coupled receptors (GPCRs).89 Natural ligands of the different SST receptor 

subtypes are SST14 and SST28.89 Their identification in the early 1990s was a major step 

forward in elucidating the SST signaling system and, during recent years, researchers 

were urged to find correlations between cloned and native receptors and to assign specific 

functions to individual receptor subtypes. This review will cover the latest advances that 

have been made to elucidate the somatostatinergic system with respect to SST receptor, 

receptor regulation, signal transduction. 

Somatostatin Receptor Subtypes  
In mammals all SST receptor (SSTR) subtypes, except, SSTR2A and SSTR2B, are 

encoded by separate genes on different chromosomes.84 In human, SSTR1-5 are encoded 

by five non-allelic genes on chromosomes 14, 17, 22, 20 and 16, respectively,84,89 and in 

rats, on chromosomes 6, 10, 7, 3 and 10, respectively. Both SSTR2 forms are derived 

from a single gene due to the presence of a crytic splice site.90 The genes of SSTR1, 3, 4, 

and 5 are not interrupted by introns in their protein coding regions. However, introns 

have been found in the 5’-untranslated regions of the SSTR2, 3, and 5 genes. All six SST 

receptor variants display the typical molecular architecture shared by GPCRs comprising 

seven putative transmembrane regions (TM), the conserved DRY motif at the 

cytoplasmic face of TM3, N-linked glycosylation sites in the N-terminal domain and, 

with the exception of SSTR3, putative palmitoylation motifs. Notably, a highly conserved 

sequences, YANSCANPI/VLY, in TM7 has been identified in SSTR subtypes, which is 

considered as a mammalian SSTR signature. Furthermore, all mammalian SSTR subtypes 

contain a consensus sequence (S/T)-X-Ф-Stop, in their C-terminus, where X can be any 
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and Ф is a large and hydrophobic amino acid residue. Recent studies showed that this 

sequence is a potential PDZ domain-binding site, which might be important for protein-

protein interactions between SSTRs and scaffolding proteins.91 

Based on their sequence homology, the receptor subtypes can be placed into two 

subgroups: SRIF1 and SRIF2 (somatotropin release inhibiting factor, which is a synonym 

for SST). The SRIF1 receptor group comprises SSTR2, SSTR3, and SSTR5, while 

SSTR1 and SSTR4 are included in the SRIF2 group. This classification is based on 

structural features and strongly supported by their pharmacological properties.  

Evolutionary Aspects 
According to the phylogenetic tree based on the alignement of amino acid 

sequences of the known full-length SSTR in vertebrates, it might be proposed that the 

differentiation into SRIF1 and SRIF2 receptor subgroups and the following 

differentiation into SSTR1 and SSTR4, and the two ancestral SSTRs (aSSTR3 and 

aSSTR2/5) happened before tetrapodes and teleosts split off, indicating a separation of 

the genes about 450 million years ago. This is consistent with the theory that SSTRs, like 

other GPCRs, arose very early during evolution.92 Furthermore, it might be suggested 

that an important regional DNA- or genome duplication event gave rise to two ancestral 

SSTR genes from which the groups of SRIF1 and SRIF2 receptors descended. An 

additional duplication event might have been responsible for the differentiation into 

SSTR1 and SSTR4 genes and two ancestral receptor genes. From aSSTR3 the present day 

SSTR3 genes evolved. The aSSTR2/5 gene split into ancestral SSTR3 and SSTR5 genes, 

from which the present fish and mammalian SSTR2 and SSTR5 gene developed. These 

data are consistent with the hypothesis that two to three partial or complete genome 

duplications have occurred during vertebrate evolution.84 It is also very likely that the 
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additional variants (A and B) of goldfidh SSTR1, SSTR3 and SSTR5 subtypes derived 

from polyploidization events during fish evolution after fishes and tetrapodes separated, 

as the corresponding variants are closely related to each other. The two type one 

receptors share 98% identity in their amino acid sequences, the SSTR5A and SSTR5B 

homologues exhibit an amino acid sequence identity of 85% and the goldfish SSTR5C 

has still about 69% similarity to goldfish SSTR5A. Both goldfish SSTR3 subtypes have a 

similarity of 65%.93 Furthermore, it is now well established that most teleosts contains an 

excess of duplicated genes in comparison with mammals.94 Thus, it seems rather unlikely 

that the presence of these receptor variants in goldfish point to the existence of a novel 

SSTR subtypes in mammals. However, further studies, for example the complete 

identification of the Fugu gemone and the pharmacological characterization of all fish 

receptors, are necessary to make a final statement about the representation of SSTRs in 

this species. 

Ligand -Receptor Interactions 
There are many structure-activity studies as well as investigations that involve 

receptor mutations from which conclusions about the ligand binding pocket and ligand 

receptor interactions were drawn. From these it appeared that the interaction of SST14 

and SST28 with their receptors occurs, as in other peptides/receptor system, through 

amino acid residues located, deep within the lipid bilayer, most probably in a binding 

cleft involving residues of TM3 to TM7,95,96 and through amino acids in the extracellular 

loops.95 The formation of an ion pair bond between the critical K9 of SST14 (or the 

corresponding K in the analogues) and a conserved aspartate residue in TM3 of the 

receptor likely represents an important early step in the binding of SST peptides to all 

SSTR subtypes.95 
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Peptide-selective binding to SSTR subtypes is conferred by the extracellular loops 

and the upper parts of TM domains. Selective binding of hexapeptide and octapeptide 

analogues to SSTR3 depends on regions about the second and-more important- the third 

extracellular loop and the adjacent TM6 and TM7 regions.96 Within these regions the 

precise interaction between the side chains of amino acid residues in the loops and the 

agonists determine the binding properties. Replacement of F (Phenylalanine) 265 located 

at the extracellular side in TM6 of SSTR5 by the corresponding tyrosine of SSTR2 

resulted in a mutant receptor with increased affinity for SST14.97 Greenwood et al.98 have 

reported that the second rather than the third extracellular loop plays a potential role for 

SST14 and SST28 binding to SSTR5. Similar experiments allowed to conclude that 

binding of SSTR1-selective peptides depend on amino acid residues in the second 

extracellular loop.99 Chen et al. support a model in which the hydrophobic interaction of 

L (Leucine) 107 in TM2 with the SST analogues CH275 seems to be important for its 

specific binding to SSTR1. From these data it seems that ligand specificity depends on 

different regions in SSTRs in dependent of the investigated ligand. 

SSTR Expression 
The rationale for the therapeutic use of SST analogues is largely based on the 

expression of SSTRs in relevant normal and tumoural tissues.89 A high concentration of 

SSTRs can also be detected in the brain, and where primary SSTR1 and 2 seem to be 

involved in the inhibition of GH release.89 SSTR4 has recently been detected in rat 

hypothalamus, thus a role for this receptor subtype in the regulation of GH secretion 

might be suggested. Tissues in the periphery that normally express SSTRs include 

gastrointestinal and pancreatic tissue. The pancreas is an important target of SST action, 

and all five SSTR subtypes have been detected in human islet cells, although in different 
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amount. SSTR1, 2, and 5 are predominantly expressed in insulin-secreting human β-

cells. In contrast to these receptors, SSTR3 and 4 were only poorly expressed or absent in 

specific cell types. In rodents, SSTR2 has been proposed to be the predominant SSTR 

subtype involved in the regulation of glucagon release.These findings might be explained 

by species-specific differences. Most tumour tissues preferentially express SSTR2, less 

frequently SSTR1, 3, 5, and the SSTR4 is only rarely detected in tumour tissus.100 In 

human normal liver, none of receptor subtypes are detected; however all receptor 

subtypes, except for SSTR4, are expressed in hepatocellular carcinoma (HCC) in liver 

tissue and HCC cell line. However, the available data on receptor expression in various 

tumours reveal major inconsistencies, possibly owing to the small number of tumours 

examined so far, as well as the use of different detection methods, such as, receptor 

autoradiography, membrane-binding methods and immunohisochemistry using various 

antibodies and reverse transcriptase-polymerase chain reaction (RT-PCR).101-103 Although 

knowledge of the receptor distribution in normal and cancer tissues is of prime 

importance, inconsistent data on the abundance of individual receptor subtypes other than 

SSTR2 do not allow the therapeutic potential of receptor subtype-specific or universal 

analogues in oncological or certain endocrine indications to be judged. These 

inconsistencies are shown in results from different studies about rat liver. Reynaert et 

al.104 reported the presence of SSTR subtypes 1, 2, and 3 in activated hepatic stellate cells 

in CCl4-treated rats, but not in normal rat liver. However, observation of SSTR3 mRNA 

in normal rat liver was provided by another study.105 Other experiments showed the 

expression of SSTR2, 3, and 5 by activated hepatic stellate cells in SD (Sprague Dawley) 
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rat.106 One consistent thing observed in these papers is absence of SSTR4 in normal adult 

rat liver. 

Thus, additional work on existing SST gene-deficient mice is required and in 

particular reports of new in vivo studies are eagerly awaited. 

Internalization, Desensitization and Oligomerization of SSTRs 
Receptor internalization is common among GPCRs. Accordingly, SSTRs can 

undergo ligand-induced internalization depending on exposure time, ligand concentration 

and heterologous regulation through other signaling systems.101,107 SSTR subtypes 

SSTR2-5 are internalized more efficiently than SSTR1.107 The internalization of SSTRs, 

in particular of SSTR2, is being exploited therapeutically to induce the killing of tumour 

cells by receptor-targeted radiotherapy or chemotherapy. This strategy involves 

internalization of, for example, Auger-electron-emitting In-pentetreotide108 or SST 

analogues coupled to cytotoxis anticancer agents.109 Of potential relevance for anticancer 

strategies is the observation that in AR42J tumour-bearing severe combined 

immunodeficient mice, the tumoral SSTR2 are downregulated following injection 

therapy with octreotide, whereas SSTR2 is upregulated when octreotide is administered 

by continuous low-dose infusion.110 

However, SSTR internalization might not be linked to desensitization of 

neuroendocrine tumours that have previously responded to SST analogue therapy.107 The 

loss of responsiveness of, for example, glucagonomas, insulinomas or carcinoid tumours 

after months or years of successful SST analogues therapy represents a major unmet 

medical need.111 However, there are numerous instances of lack of SSTR desensitization, 

for example, in acromegalic patients treated with octreotide for more than ten years.112 



26 

 

Various families of GPCRs can apparently form oligomers when activated by 

ligand binding.113 SSTRs also exhibit SST-induced homo-heterodimerization, and 

thereby changes in their functional and binding properties.101,114,115 For example, 

heterodimerization of SSTR2A and SSTR3 results in a protein complex that retains the 

binding properties of SSTR2 but loses affinity for SSTR3-selective ligands and SSTR3-

specific functions.116 By contrast, the SSTR2A and the related µ-opioid receptor 

heterodimerize in human embryonic kidney 293 cells without major changes in ligand 

binding and coupling properties;however, the heterodimers show cross-phosphorylation 

and cross-desensitization on binding of SSTR2- or µ –selective ligands, indicating that 

heterodimer formation might contribute to the regulation of SSTRs.89 This could be 

physiologically relevant, as regional overlap in the expression of the SSTR2A and the µ-

opiood receptor was reported in a region of the brain known as the peroaqueductal grey 

matter, pointing to a potential effect of SST on opioid-sensitive neurons mediated by the 

SSTR2A.89 Whether there is a synergistic action of SST and opioids on the same neuron 

remains to be determined. Following binding to SST, human SSTR5 forms homodimers 

as well as heterodimers with human SSTR1.115 Moreover, Rocheville et al.114 found that 

human SSTR5 and dopamine receptors heterodimerize, which is consistent in view of 

their co-localization in the cerebral cortex, striatum and limbic system. The hetero-

oligomer exhibits reciprocal induction of high-affinity binding by SST and dopamine, 

which translated to G-protein coupling and adenylyl cyclase regulation. The role of 

heterodimerization is only beginning to be unraveled, and it is possible that insight into 

SSTR oligomerization will have an impact on future drug design.113 But, it should be 
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noted that so far results on SSTR oligomerization have mostly been generated using 

transfected cells expressing high numbers of certain SSTR subtypes.101 

Effects on Cell Proliferation 
A large number of human tumour express SSTRs, such as adenomas causing 

acromegaly or carcinoid tumours of the gut. Stable SST analogues and SST 

radiopharmaceuticals, mainly designed for SSTR2 activation, have been widely used for 

tumour treatment and diagnosis.84 However, although a successful long-term therapy of 

acromegaly patients is possible, patients suffering from other tumour types usually escape 

from SST analogues therapy after several months. The tumours then continue to grow 

and hormone hypersecretion starts again.84 The reasons for this are still not known and 

new tools need to be developed for a more effective treatment of cancer and 

neuroendocrine disorders. Thus it is of particular clinical interest to elucidate the 

fundermental molecular mechanisms involved in SSTR-mediated control of cell 

proliferation. Therefore, in many studies proliferative, as well as antiproliferative, effects 

of SST mediated by different SSTR subtypes have been investigated for distinct cell 

types. For example, Rosskopf et al.117 proposed a SST growth factor-like activity on 

human B lymphocytes, mediated via SSTR2A involving the activation of PLC 

(phospholipases C). Other investigators reported proliferative effects on transfected CHO 

(Chinese hamster ovary) cells induced by the activation of SSTR4 or SSTR2B, which a 

sustained extracellular signal-regulated kinase (ERK) activity.118-120 However, 

stimulation of SSTR4 also resulted in a phosphorylation of the transcription factor 

STAT3,119 which in addition has been shown to be critical for the proliferative effect of 

SSTR4.119,121 In contrast to its proliferative effects, SSTR4 has been shown to mediate 
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antiprolifertive effects via the stimulation of p38 that results in an activation of the 

cyclin-dependent protein kinase inhibitor p21cip1/WAF1.120,121 

Today, the modulation of phosphotyrosine phosphatase (PTPase)s activity, has 

been proposed to play an important role in the inhibition of cell proliferation mediated by 

SST.122 Buscail et al.122 showed that antiproliferation observed after SSTR2 stimulation 

in transfected CHO cells is coupled to the activation of a PTPase and that, in contrast to 

SSTR2,  SSTR5 mediates a cessation of cell growth through coupling to the PLC/inositol 

phospholipids/Ca2+ inhibitory pathway. In addition, it was suggested that SST modulated 

cell proliferation and mitogen-activated protein kinase (MAPK) signaling pathway were 

negatively controlled via SSTR5 involving a cGMP (cyclic guanosine monophosphate)-

dependent pathway in CHO cells.123 However, Sharma et al.124 reported a PTP-mediated 

antiproliferative action of SSTR5 in the same cell type, involving the induction of the 

retinoblastoma tumour suppressor protein (Rb) and p21, but also suggested the possible 

existence of a PIP (phosphatidylinositol phosphate)-independent pathway. 

Antiproliferative effects of SST can also be a consequence of apoptosis.84 In this 

case, SSTR2 caused apoptosis via two different mechanism: first through the down-

regulation of mitochondrial Bcl-2 protein expression and second via upregulating 

expression of death receptors belonging to the TNF family. In addition, it has been shown 

that SSTR2 inhibits cancer cell proliferation via the induction of an autocrine/paracrine 

SST loop.84 SST inhibits proliferation of various malignat hematopoietic cell types.87 

However, SST did not exerted any significant antiprolifertive effects on normal 

hematopoietic stem cell.87 Interestingly, SST has been shown to exert a function of 
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chemoattractant for hematopoietic stem cell via SSTR2.87 Also, this chemotactic effect of 

SST has been observed in primitive neuronal cells.88 

In conclusion, the observation that SSTR2 and SSTR4 are able to mediate opposing 

effects on cell proliferation and that stimulation of the ERK pathway can be involved in 

mitogenic but also anti-mitogenic processes demonstrates once more the complexity of 

the involved signal transduction machinery. The activity in vitro data regarding the 

coupling of SST to PTPase deliver a rather complicated picture, from which it is hard to 

refine a clear statement about the interaction of single SSTRs with a specific PTP. In 

general, it can be said that direct antiprolifertive effects of SST are mainly mediated via a 

transduction pathway involving the coupling of SSTs to PTPases. SSTR1, 2, 4, and 5 

mediate in vitro direct cytostatic effects and SSTR2 and 3 may be responsible for the 

apoptotic effects of SST. Nonetheless, as in the case of signal transduction, it has to be 

kept in mind that most data results from in vitro experiments using different cell lines and 

experimental settings and further studies are necessary to investigate whether signaling 

cascades stimulate by SSTR subtypes in vitro are also activated in vivo. 

SSTR Signal Transduction 

Signaling pathways coupled to the different SSTR subtypes have been studied 

extensively. SST binding to SSTRs in native membranes results in the modulation of a 

wide range of second messenger systems via the stimulation of different types of 

pertussis toxin (PTX)-sensitive and insensitive GTP (guanosine triphosphate)-binding 

protein.95 The diversity of the transduction pathways reflects the pleiotropic actions of the 

receptors. The presence of multiple SSTR subtypes in many tissues and cell lines made it 

difficult to assign particular transduction pathway to single receptors. Thus, scientists 

tried to overcome this problem by investigating recombinant receptors expressed in 
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appropriate cell lines and through the use of SSTR subtype-selective agonist and 

antagonists. 

Binding of SST and SST analogues to SSTRs induces G-protein activation and 

signalling through various pathways. As a consequence, the activities of several key 

enzymes, including adenylyl cyclase, PTPases and MAPK are modulated along with 

changes in the intracellular level of calcium and potassium ions. Accordingly, calcium 

and potassium channels in addition to the sodium-proton antiporter respond to SSTR 

activation.95 Which types of signalling prevails in certain cells depends on the tissue-

specific distribution of ligands, SSTR internalization, desensitization and /or receptor 

crosstalk.95 

SSTR stimulation is coupled to the respective intracellular signalling pathways 

through activation of specific G-protein, including pertussis-toxin-sensitive Gαi and Gα0, 

as well as pertussis-toxin-insensitive Gαq, Gα14, and Gα16 proteins.95,117  The interaction of 

certain G-proteins and SSTR subtypes depends on factors such as their tissue-specific 

expression; for example, Gα0 is found in neuronal cells, but is absent in B lymphocytes, 

whereas both cell types express the SSTR2.117   

All known human SSTRs can inhibit adenylyly cyclase and hence decrease cyclic 

AMP (adenosine monophosphate) level.89 This PTX-sensitive action affects various 

downstream elements, in particular protein kinase A. The latter, in turn, acts as an 

activator of a cAMP (cyclic adenosine monophosphate)-response-element-binding 

protein, as shown in GH4 cells expressing SSTR2A.125 

MAPK signalling cascades is also modulated by SST.84 Several investigators 

proposed that SSTR-coupled inhibition 126-128 or activation129 of different MAPK cascade 
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members has been mediated by PTPase. However, in CHO cells expressing SSTR5, 

inhibition of MAPK activity was related to a cGMP-dependent pathway.123 Sellers118 

proposed a SSTR4-mediated acute activation of MAPK involving Ras and src and a 

sustained activation of MAPK-dependent on PKC that could be activated by 

phosphoinositide-3 kinase (PI3K). PI3K has been shown to play a fundamental role for 

the stimulation of MAPK signalling cascade through human SSTR4130 or rat SSTR2B, 

respectively.120 Furthermore, recent studies have shown that SSTR2 and SSTR4 can also 

coupled to an alternative MAPK cascades, thereby causing a prolonged activation of p38 

that culminates in the induction of the cell cycle inhibitor, p21cip1.120,121 

In most cells, Ca2+ signalling is downregulated by SSTR activation owing to the 

inhibition of calcium channels and intracellular Ca2+ release or the activation of K+ 

channels, which results in membrane hyperpolarization.81 Accordingly, all humans SSTR 

subtypes can be coupled to various PLC isoforms.131 In certain systems, however, SSTR 

activity increases the enzymatic activity of PLCβ2 and PLCβ3, for example, and hence the 

intracellular levels of IP3 (phosphatidylinositol triphosphate) and Ca2+.117,132 

Finally, it has been shown that SST can couple to Na+-H+ exchanger, which plays a 

role in cell adhesion, migration and proliferation.84,93  

Our current understanding of subtype-selective signaling reflects a rather 

complicated picture.  It is mostly based on experiments using receptors from different 

species expressed in different cell types. Another level of complexity may be added by 

the observation that receptor coupling to a given pathway may be strongly influenced by 

the ligand used.84 Therefore, the yet available data should be interpreted with caution.  
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Study Design and Rationale 

The liver has an enormous capacity to regenerate, as demonstrated by the 70% PHx 

model in rodents. In addition, the liver has a stem cell compartment acting as a backup 

regenerative system. Activation of the stem cell compartment occur when the hepatocytes 

are functionally compromised, are unable to divide, or both. In stem cell-aided liver 

regeneration, progeny of the stem cells multiply in an amplification compartment 

composed of the so-called oval “stem” cells.58  There is a substantial body of evidence to 

suggest that oval cells are involved in liver regeneration, as they differentiated into 

hepayocyte and biliary cells.58 We have shown that bone marrow cells are able to 

produce hepatic oval cells with the capacity to repopulate the liver,50,51,53 while others 

have only shown the end product of hepatocytes and bile duct epithelial cells.55 

Regardless of their origins, it has been shown that numerous cytokine, growth factor, and 

chemokines mediate oval cell-aided liver regeneration.133 However, there is relatively 

little information regulating oval cell activation, whereas the biological factors regulating 

the different hematopoietic lineages are well characterized.  

Increasing evidence suggests that the neuroendocrine system influences blood cell 

development and function.87 SST is a pleiotropic neuropeptide, exerting a variety 

function in central nerve system (CNS) and peripheral tissues.84,89 Also, SST-producing 

cells are present at the interface between bone and bone marrow, a location where the 

most primitive hematopoietic cell reside.87 And there, SST have been shown to exert 

chemotactic function for these cell types via SSTR2.87 Thereby, this novel finding with 

SST and its receptor suggested that this signalling system might be important for 

hematopoietic stem cell development and migration. Based on common origin and 

characteristic between hematopoietic stem cell and hepatic oval cells, we hypothesized 
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that SST might be involved in oval cell activation, especially homing. To prove our 

hypothesis, we investigated whether SST is associated with 2AAF/PHx HOC induction 

model. Since all known function of SST is mediated by its specific receptors, we 

postulated that the chemotactic role of SST might be mediated by certain types of 

receptor. We examined receptor subtypes profiles expressed by HOCs and investigated if 

certain type of receptor was involved in the effects of SST on HOCs. Finally we 

examined whether the effect of SST/SSTR4 for oval cell migration is functional 

consequence and what kind of effectors molecules are related to the chemotactic activity 

of SST. PI3K pathway was investigated in order to identify whether this pathway is 

related to SST-stimulated HOC migration, because PI3K has been shown to be an 

essential molecules in cell migration.  

The overarching question is which systemic signals are responsible for determining 

the magnitude and efficiency of oval cell activation within this type of hepatic repair? 

The functions of SST in these processes are investigated in this study. This may lead to 

better understanding of liver regeneration processes by HOCs.  
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CHAPTER 2 
A POTENTIAL ROLE OF SOMATOSTATIN AND ITS RECEPTOR SSTR4 IN THE 

MIGRATION OF HEPATIC OVAL CELLS 

Summary 

Somatostatin (SST) is a regulatory peptide that activates G protein-coupled 

receptors comprised of five members (SSTR 1-5). Despite the broad use of SST and its 

analogs in clinical practice, the spectrum of SST activities has been incompletely defined. 

Recently, it has been demonstrated that SST can be a chemoattractant for hematopoietic 

precursor cells. Since hepatic oval cells (HOCs) share common characteristics with 

hematopoietic stem cells, we hypothesized that SST could act as a chemoattractant for 

HOCs by stimulating somatostatin receptors (SSTRs). Reverse transcriptase-polymerase 

chain reactions (RT-PCR) and Western blot assays revealed an increased expression of 

SST in the 2-acetyl-aminofluorene (2AAF)/partial hepatectomy (PHx) HOC induction 

model. Immunohistochemical staining showed the expression of SST in 2AAF/PHx-

treated rat liver, as compared to normal liver. Proliferation and migration assays 

demonstrated that the increase of SST is related to migration of HOCs, but not their 

proliferation. RT-PCR and quantitative real-time PCR showed that SSTR4 was 

preferentially expressed by HOCs. Western blot assay and immunohistochemical staining 

confirmed the expression of SSTR4 by HOCs. In addition, pretreatment with anti-SSTR4 

antibody cultures resulted in a dramatic reduction of cell migration as compared to that of 

control. Lastly, SST stimulated the rearrangement of actin filaments in HOCs, while 
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HOCs treated with anti-SSTR4 antibody failed to do so. These results suggest a positive 

role for SST in the migration of HOCs, and that this effect is mediated through SSTR4. 

Introduction 

Hepatic oval cells (HOCs) are known to participate in liver regeneration under 

certain conditions, and are implicated in hepatic carcinogenesis. When liver damage is 

severe, and the ability of hepatocytes to divide and replace damaged tissue is 

compromised, HOCs are induced to proliferate.134 Morphologically, oval cells are small 

in size (approximately 10 µm in diameter), with a large nuclear to cytoplasm ratio, and an 

oval shaped nucleus.4 Proliferating oval cells in both the rat and murine models appear to 

radiate from the periportal region, forming primitive ductular structures with poorly 

defined lumena.40 They are similar to bile ductular epithelial cells in their distinct 

isoenzyme profile, expressing certain keratin markers (e.g. CK19), and gamma-glutamyl 

transpeptidase (GGT). HOCs also express high levels of alpha-fetoprotein (AFP) as well 

as hematopoietic stem cell markers (i.e. Thy-1, CD34 and c-Kit).44,45  In addition, several 

monoclonal antibodies, such as OV6, OC.2 and BD1, have been developed to aid in their 

identification.135-137 These markers may be used for isolating HOCs by fluorescence 

activated cell sorting (FACS) or magnetic activated cell sorting (MACS).45,55 Petersen et 

al (1998)45 showed that by using Thy-1 in conjunction with FACS sorting, a 95-97% 

enriched population of oval cells could be obtained.  

Though oval cells do not normally participate in the regenerative response to PHx 

or CCl4 injury, they can be made to do so by suppressing mature hepatocyte proliferation. 

Administration of 2-AAF prior to and during hepatic injury induced by PHx or CCl4 will 

block the proliferation of hepatocytes by interfering with the cyclin D1 pathway. Oval 
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cell proliferation can thus be induced in these otherwise non-oval cell aided regenerating 

models.138,139 In HOC-mediated liver regeneration, HOCs arise from the portal tract 

periphery and migrate deep into the lobular parenchyma. This HOC distribution suggests 

that HOCs may be mobile. Based on ultrastructural studies in rat liver, it has been 

proposed that HOCs migrate by amoeboid movement with the help of pseudopodia.59 

Trafficking, mobilization, and homing of stem cells are multifactorial processes that are 

regulated not only by adhesion molecules and cytokines, but also by chemotactic factors 

that direct transendothelial migration.140 

Somatostatin (SST) is a unique regulatory hormone, which was first reported by 

Brazeau et al. 1973141  as a hypothalamic hormone inhibiting growth hormone (GH) 

secretion. SST has two biologically active forms, SST-14 and SST-28, which are 

generated as C-terminal products from pro-SST.  SST-14 was originally described in the 

hypothalamus, and the amino-terminally extended SST-28 was discovered later in the 

gut.84 SST-14 and SST-28 are predominantly expressed in neurons and secretory cells in 

the central and peripheral nervous systems,  gastrointestinal tract, pancreas, pituitary, 

kidney, retina, and immune system.142 The major action of this neuropeptide includes 

inhibition of hormone secretion from the pituitary, the pancreas, as well as other 

endocrine and exocrine secretion in a number of various organs.85 SST has also been 

shown to control the proliferation of normal and tumor cells.89 In addition, it is involved 

in the differentiation and migration of thymocytes.86  These broad biological functions are 

mediated by five receptor subtypes, all of which belong to the seven α-helical 

transmembrane domain G protein -coupled receptor (GPR) family. Somatostatin 

receptors (SSTRs) are widely distributed throughout many tissues and show different 
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functions in various cell and tissue types.89,143 However, studies on receptor expression in 

various tumors reveal inconsistencies, which are also observed in rat liver studies.104,105 

Reynaert et al.104  reported the presence of SSTR1, 2, and 3 in activated hepatic stellate 

cells in CCl4-treated rats, but not in normal rat liver. However, Bruno et al. 105 provides 

the observation of SSTR3 mRNA in normal rat liver. Another study shows the expression 

of SSTR2, 3, and 5 by activated stellate cells in Sprague Dawley rats.106  Therefore, 

inconsistent data on individual receptor subtypes have lessened the therapeutic potential 

of receptor subtype-specific or universal analogues in oncological and certain endocrine 

disorders.  

Despite the broad use of SST and its analogs in clinical practice, the spectrum of 

SST activities has been incompletely defined. Recent evidence has emerged that 

neuroendocrine-like SST-producing cells are present at the interface between bone and 

bone marrow, a location where the most primitive hematopoietic cells reside.144 SST can 

act as a chemoattractant for primitive hematopoietic progenitor cells, which is mediated 

exclusively via SSTR2.87 Given that HOCs share common characteristics with 

hematopoietic stem cells,133 these novel findings led to the hypothesis that SST could 

possibly influence the migration of HOCs.  

In the present study, the 2-acetylaminofluorene (2AAF) followed by partial 

hepatectomy (PHx) model for HOC activation was utilized in order to show the effect of 

SST on the migration of HOCs. SST and the SSTR1-5 expression patterns were 

examined via molecular and biochemical techniques. Also, the chemotactic ability of 

SST for HOCs was investigated. The current study demonstrates that SST induces HOC 

migration via SSTR4.  
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Material and Methods 

Animals 

Male F344 rats (age 6-8 weeks, weight 130-150g) were purchased from Charles 

River Laboratories and maintained on standard laboratory chow and daily cycles of 

alternating 12 hours of light and dark. They were used at approximately 8-10 weeks of 

age and 150-180g weight. All animal work was conduced under protocols approved by 

IACUC at the University of Florida.  

Rat Oval Cell Activation Protocol: 

The basic design of the 2-AAF/injury models have been described previously by 

Petersen et al.45 Briefly, 2-AAF pellets (70 mg/28 day release, 2.5 mg/day) were inserted 

subcutaneously 7 days prior to surgical resection of the hepatic mass (PHx injury) this 

follows protocols similar to those described by Novikoff et al.145 and Hixson et al. 136 

Normal rat liver was used as a time zero-control. PHx (70%) were performed as 

described by Higgins and Anderson .146 

HOC Preparation  

To isolate HOCs, the 2AAF/PHx oval cell activation model was used.147 The liver 

was harvested at 11 days post PHx and cells were isolated via standard two-step 

collagenase perfusion. Obtained cells were gradient centrifuged at 500 g to isolate 

hepatocytes. The non-parenchymal cell (NPC) fraction containing the HOCs was 

collected at 1000 g. Isolated cells were incubated with anti-Thy-1 FITC conjugated 

antibody followed by anti-FITC-microbeads. After incubation, cells were positively 

selected using MACS sort. Cell viability was determined to be >90% as established by 

trypan blue exclusion.148 After isolation, HOCs were re-suspended in Iscove’s Modified 
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Dulbecco’s Medium (IMDM, purchased from GIBCO, Grand Island, NY) (10%FBS, 1% 

insulin, 1X antibiotic-antimycotic) for experiments.8 

Immunohistochemistry 

BrdU (Dakocytomatin, Carpinteria, CA) staining was conducted as described by 

Sum et al.149 All immunostaining was performed on HOCs, cytocentrifuged HOCs, or 

frozen liver sections using standard staining protocols. Samples were fixed and 

permeabilized, saturated, and processed for immunostaining with primary antibodies. 

Anti-SST (Santa Cruz Biotech., Santa Cruz, CA), CD45 (Becton Dickinson), Thy-1 

(Becton Dickinson), OV6 (a kind gift from Dr. Stewart Sell), SSTR4 (Santa Cruz 

Biotech.), F-actin (Sigma-Aldrich Corp. St. Louis, MO) antibodies were used in this 

procedure. Vector ABC kit (Vector Laboratories, Burlingame, CA) and DAB reagent 

(Dako Comp.) were employed in the detection procedure. For double immunofluorescent 

staining, Texas red anti-goat IgG (Vector Laboratories) and Fluor anti-mouse IgG  

(Vector  Laboratories) were used as secondary antibody. 

RT-PCR and Real Time PCR 

RT-PCR and real time PCR were performed as described by Bar et al. 150  

Oligonucleotide primers specific for SST and SSTRs were designed with Primer 3 

software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and GenBank 

entries: SST (308 bp) 5’-TGG CAG AAC TGC TGT CTG AG-3’ forward, 5’-TAA CGC 

AGG GTC TAG TTG AGC-3’reverse, SSTR1 (365 bp) 5’-CAC GCA CCG CAG CCA 

ACA-3’ forward, 5’-GGA AGC CGT AAG AGG ATG GGG TT-3’ reverse, SSTR2 (376 

bp) 5’-ATC ATC AAG GTG AAG TCC TCT-3’ forward, 5’-GGG TCT CCG TGG TCT 

CAT T-3’ reverse, SSTR3 (329 bp) 5’-GGG GAG TTT CAG AAA GCA AT-3’ forward, 

5’-TTG GGC AAG TCA CTT CTC TC-3’ reverse, SSTR4 (364 bp) 5’-TCG TGG GGG 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
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TGA GGC GT AG-3’ forward, 5’-CAT AGA GAA TCG GGT TGG CAC AG-3’ 

reverse, SSTR5 (388 bp) 5’-CAC GGA TGT CCA GGA GGG-3’ forward, 5’-GTA GAG 

CAG GGG GTT GGC ACA-3’ reverse. The following primers were used for real time 

PCR : SSTR4 (145bp). 5’-ATG TGT CCC TC TCC TCA GC-3’ and 5’-TCT TCC TCA 

GCA CCT CCA GT-3’. These sequences for SSTR4 were obtained from Bar et al.150 All 

PCR products were directly sequenced for genetic confirmation using an AmpliTaq cycle 

sequencing kit (PerkinElmer, Boston, MA). 

Proliferation Assay 

Prior to cells being placed in culture, trypan blue exclusion assay was performed. 

At the time of plating cell viability was measured at greater that 95%. Cells were seeded 

in 6-well plate (4.5 X 104 cell/well) and grown in IMDM supplemented with 10%FBS. 

After 48 h, the medium was replaced with serum-free IMDM for 16 h. The cells were 

subsequently cultured with 0.5% BSA (bovine serum albumin)-containing medium, or 

medium with addition of 10% FBS or SST at a concentration of 100 nM. Cells were 

counted after 1, 2, and 3 days, and trypan blue dye exclusion was used as an indicator of 

cell viability. All experiments were performed three times to ensure statistical 

significance. 

Migration Assay 

Migration was assessed in Transwell culture dishes with 5µm pore filters 

(Transwell, 6.5mm diameter, 24-well cell clusters; Coring Incorporated Costar, Coring, 

NY) that were precoated overnight at 4 oC with 0.001% collagen. Cells (7.5 × 104) were 

suspended in IMDM (10%FBS, 1% insulin), and were allowed to attach overnight. 

Unadherent cells were removed from the top of the transwell chamber and attached cells 

were re-fed in the migration buffer (IMDM). At this time the motility assay was initiated 
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by transferring the entire transwell chamber to new cluster plate well containing  various 

doses of SST-14 (synthesized by the Interdisciplinary Center for Biotechnology Research 

at the University of Florida) (1, 10, 100,1000 nM) in migration buffer. After determining 

the optimal concentration of SST through preliminary studies, migration buffer 

containing 100 nM SST was placed in the lower chamber and plates were maintained at 

37oC, 5% CO2 for either 4 or 6 hours. In some experiments, cells were pretreated for 30 

minutes with anti-SSTR4 antibody (5 and 10 µg/ml). As a negative control, SST was 

either not added to the lower chamber or added to both lower and upper chambers. At the 

end of the experiment, cells were fixed and stained as described by Stolz et al.151 Cells 

that had migrated to the bottom of the transwell filter were enumerated by counting each 

transwell chamber, at X4 magnification. Each migration assay was performed a minimum 

of three-times. 

Western Blot Assay 

Whole liver tissue or HOCs were homogenized in triton lysis buffer (20mM Tris, 

pH7.4, 137mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 1mM PMSF, 

10mM NaF, 5µg/ml aprotinin, 20µM Leupeptin, and 1mM Sodium ortho-vanadate) and 

centrifuged at 10,000 g for 15 minutes. Protein concentrations were measured using the 

Lowry assay. Immunoblotting was performed using 1: 500 anti-SST (sc13099, Santa 

Cruz Biotech.), 1: 150 anti-SSTR4 (sc11620), and 1: 5000 anti-β actin (ab6276-1000, 

abcom. Stockholm, Sweden) antibodies. Immunocomplexes were detected with 

horseradish-peroxidase conjugated secondary antibodies. Membranes were developed by 

chemoluminescence (ECL; Amersham Bioscience, Buckinghamshire, England). 
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Statistical Analysis 

All results are expressed as the mean ±SD. Statistical differences were determined 

by Student’s t-test. P values of <0.05 were considered to statistically significance. 

Results 

Increased Expression of SST in the HOC Induction Model  

To examine whether SST is involved in liver regeneration by HOCs, the 

2AAF/PHx model was employed. In this model, HOC proliferation peaks on 

approximately day 9 and continues through day 13.1  Small cells with a large nuclear to 

cytoplasm ratio are observed in 2AAF/PHx-treated rat liver, radiating from the periportal 

region (Figure 2-1A). OV6, a known HOC marker, confirmed these cells as HOCs 

(Figure 2-1B). In normal rat liver, OV6 was detected in ductal cells (Figure 2-1D). Figure 

2-1C shows a negative control in which anti-mouse IgG was used in place of the primary 

antibody. These data confirm that the 2AAF/PHx protocol for rat HOCs is reliable and 

reproducible.  Utilizing RT-PCR analysis with specific primers for rat SST detects newly 

synthesized message from the SST gene (Figure 2-2A). Western blot assay for SST 

showed that SST was initially expressed at negligible levels and increased when HOC 

proliferation increased, peaking at approximately day 11 of HOC activation (Figure 2-

2B). Immunofluorescent staining revealed few SST positive cells within normal or PHx 

treated liver (Figure 2-3A-C). However, the number of positive cells significantly 

increased within the 2AAF/PHx model. SST was expressed on CD45+ cells early in the 

HOC activation process (day 5) (Figure 2-3D-F, and J), whereas by day 13 of HOC 

activation, SST expression was localized to the OV6 positive cells (Figure 2-3G-I and K). 

These observations were visible only in the HOC activation model. This specific and 
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increased expression of SST in HOC- mediated liver regeneration suggested a potential 

role of SST in HOC activation. 

Chemotactic Role of SST for HOCs. 

SST is a pleiotropic peptide mediating inhibitory functions in various secretory and 

proliferative processes as well as a stimulatory role in cell proliferation.89,117,130 These 

broad effects are cell type-specific. Thus, the effect of SST on HOC proliferation was 

investigated. Figure 2-4A shows that there is a significant increase in the number of 

HOCs after stimulation with 10% FBS, reaching up to 7.4x104 cells at day 3. However, 

SST-stimulated HOCs show only slight proliferation (4.5x104 cells at day 3), which is 

similar to the level of proliferation seen in the control (3.8x104 at day 3). In this assay, 

0.5% BSA was employed in order to inhibit cell death. Therefore, HOCs in SST-

containing or control medium had a normal morphology and excluded trypan blue up to 

the end of the experiment. To confirm this result, BrdU incorporation assay was utilized. 

The number of BrdU-positive cells was considerably different among the FBS, SST, and 

media alone (control) cultures. 44% of the cells cultured in 10% FBS were positive for 

BrdU, while only 14% of cells cultured in SST-containing medium were BrdU-positive 

(Figure 2-4B). There was no significant difference in the number of BrDu-positive cells 

between the SST-including medium (SST) and untreated medium (control). These results 

demonstrated that SST did not affect the proliferation of HOCs.  

Recently, SST has been shown to function as a chemoattractant for immature 

neuronal and hematopoietic cells.87,88 Hence, this study was designed to determine 

whether SST might be involved in migration of HOCs. In the migration assay, when SST 

was added to the medium in the lower chamber, HOCs crossed the filter in a dose-

dependent fashion. In the presence of 100 nM SST, the number of migrating HOCs 
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showed a significant peak, a threefold increase on average (Figure 2-4C). However, 

HOCs showed limited mobility in the absence of SST or in the presence of SST in both 

lower and upper chamber. Migration assay using the transwell chamber clearly 

demonstrated that HOCs migrated along the SST gradient, suggesting that increased 

expression of SST might be involved in HOC migration. 

Expression of SSTR4 in HOCs 

All of the known functions of SST are mediated by five receptor subtypes. 

Therefore, it was hypothesized that the effect of SST in HOC migration might be 

mediated by a certain type of receptor. In order to determine receptor subtype expression 

profiles by HOCs, RT-PCR for each SSTR subtype was performed. SSTR1, 2, 4, and 5 

were up-regulated in HOCs, compared to the expression of these receptors in hepatocytes 

and normal liver. However, it was found that SSTR4 was the only subtype expressed 

exclusively by HOCs (Figure 2-5A, asterisks). All other receptor subtypes were found in 

normal liver and hepatocytes, as well as HOCs. Thus, SSTR4 was thought to have a 

specific function in HOCs. Real-time PCR was conducted to obtain quantitative data for 

SSTR4 expression in the HOC induction model. Gene expression for SSTR4 determined 

by real-time PCR confirmed that expression of SSTR4 significantly increased during 

HOC activation, peaking around day 7 post PHx, whereas normal liver was devoid of any 

such expression (Figure 2-5B). In addition, immunohistochemical staining showed the 

SSTR4 protein within the HOC population area (Figure 2-5C). Also, Western blot assay 

of protein extract from Thy-1 sorted HOCs showed a band corresponding to glycosylated 

SSTR4 (70kDa), while this band was not detected in normal liver (Figure 2-6A). Double 

immunofluorescent staining on purified and cytocentrifuged HOCs showed that a portion 

of the Thy-1-positive and OV6-positive populations express SSTR4 protein (Figure 2-
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6B). Considering the rare detection of SSTR4 in the normal liver, the significant 

expression of SSTR4 in HOCs suggests a specific function for SSTR4 in these cells 

SST directing HOC Migration through SSTR4 

SST and SSTR4 are expressed in the HOC induction model, and SST acts as 

chemoattractant for HOCs in migration assays. These results suggest that SST might 

exert a chemotactic effect on HOCs via SSTR4. To test this possibility, migration assays 

using transwell chambers were performed on HOCs pretreated with anti-SSTR4 

antibody. This antibody was raised against the N-terminus of mouse SSTR4 and cross-

reacts with SSTR4 of rat.  As shown in Figure 2-7A, the mobility of HOCs was abolished 

by adding 5 or 10 µg/ml anti-SSTR4 antibody before SST stimulation, as compared to 

the un-inhibited migration of HOCs toward SST. Hence, the migratory effect of SST on 

HOCs appears to be related to SSTR4.  

Dynamic changes in actin filaments are related to various cellular processes, such 

as cell motility, cell cycle control, cellular structure, and cell signaling.152 The rearranged 

actin filaments form discrete structures, such as stress fibers, lamellipodia, filopodia, and 

membrane ruffles, at the edges of cell membrane. These structures are essential for cell 

migration.152 Therefore, additional studies were incorporated to determine whether 

SST/SSTR4 would induce rearrangement of actin filaments in HOCs. HOCs cultured in 

IMDM without SST showed evenly distributed actin filaments throughout the cell 

(Figure 2-7B, left image). In contrast, treatment with 100 nM SST induced the 

distribution of actin filaments into the cell membrane to form cell mobility structures at 

the leading edges of the cells (Figure 2-7B, middle image). These mobility structures 

were not detected in HOC treated with SST along with the anti-SSTR4 antibody (Figure 
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2-7B, right image). These data show that the rearrangement of actin filaments in HOCs 

occurs following stimulation of SSTR4 by SST.  

Discussion 

SST is a regulatory peptide with a wide variety of functions, mainly linked to the 

neuroendocrine and immune systems.95 Thus far, SST has been found to act 

predominantly as an inhibitor of secretory and proliferative responses. However, recent 

studies have shown that SST can act as a chemoattractant for primitive hematopoietic 

progenitor cells.87 There is increasing evidence revealing common characteristics 

between HOCs and hematopoietic stem cells.45,47,153 The novel function for SST to act as 

a chemoattractant for stem cells led us to propose that SST could affect HOC migration. 

The focus of these studies was to determine whether or not there was ligand/receptor 

interaction during oval cell aided regeneration. In order to achieve our goal we chose to 

use the time of maximum SST protein expression, which was determined to D11 post-

PHx, which is clearly shown via Western analysis (Figure 2-2B). To confirm the 

expression if SSTR4 was also present at D11 immunohistochemistry (Figure 3-5C) and 

Western analysis (Figure 2-6A) were performed. This also indicates that the ligand is 

present within the liver as the same time the that receptor is present on the HOCs. We 

also show that SST stimulates cell migration and cytoskeletal rearrangement, and the 

effects of SST appear to be mediated by the receptor SSTR4 sub-type. 

Previous studies have shown a correlation between HOC proliferation and 

inflammation within the liver parenchyma.59 The present study shows that expression of 

SST by CD45 positive immune cells occurs early in HOC activation and is followed by 

expression in OV6 positive oval cells. In normal or PHx-(alone) -treated liver, very little 

SST expression was observed (Figure 2-3A-C). The finding that the inflammatory cells 
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affect the activation and localization of stem cells strongly suggests that one or more 

cytokines produced during inflammation function as growth or chemotactic factors for 

the HOCs.59 Accordingly, this may suggest that CD45+ cells express SST in response to 

tissue damage, leading to recruitment of HOCs to the site of injury. These newly 

recruited HOCs appear to also express SST, amplify the activation signal, bringing 

additional HOCs to mediate liver regeneration. 

In the migration assay, four different concentrations (1, 10, 100, and 1000 nM) of 

SST were tested. A bell-shape dose response was observed (Figure 2-4C). This pattern is 

often observed in G-coupled receptor-mediated responses and is thought to occur via 

desensitization.87 Based upon these results, a concentration of 100 nM of SST was chosen 

as the optimal concentration for these studies. In four-hour migration assay, HOCs 

migrated with a significant chemotactic response. However, this response of HOCs 

slightly decreased following six-hour incubation. There could be several factors to 

explain this. First, SST is an unstable peptide which could degrade and lose its 

effectiveness. Second, because of it small size, SST could diffuse between the two 

chambers, allowing the cells access without migration. 

The chemotactic response of HOCs to the SST gradient led us to predict that HOCs 

might express one or more of the particular receptor subtypes responsible for the 

chemotactic properties of SST. The biological effects of SST are mediated by SSTRs that 

are highly cell-specific. Physiological responses vary with the expression of individual 

receptor subtypes which are functionally coupled to the effectors of signal transduction, 

resulting in physiological impact.143 Within the context of this study, SSTR4 was 

uniquely expressed by HOCs within the liver. The expression of SSTR4 in rat liver has 
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not previously been observed.  Consequently, detection of SSTR4 in the HOC population 

during liver regeneration supports the hypothesis that SSTR4 is involved in the action of 

SST as a chemoattractant. This notion is further supported by the fact that SST fails to 

stimulate HOC migration when SSTR4 is blocked (Figure 2-7A). Another possible 

explanation for the lack of migration within the transwell studies could be from an 

apoptotic effect brought on by antibody exposure. It has been reported that SST can act as 

an antiproliferative agent, however, these studies were conducted on cancer cell lines 

(MCF-7 and CHO-K1) and it has been shown that these cells can be coaxed into 

apoptosis via the SHP-1/Caspase 8 pathway.154 Sharma et al (1996)155 showed that of all 

the different receptor sub-types, the only one capable of inducing apoptosis was SSTR3. 

In addition, two independent studies, Anderson et al (2001)121 and Sellers et al (1997)119 

showed that only SSTR4 was capable of inducing a proliferative effect in cells via the 

phosphorylation of STAT3. To date there is no data showing an apoptotic effect through 

SSTR4. It should also be pointed out that in Figure 2-7B we show oval cells untreated 

(left panel), treated with SST (middle panel) and SST/antibody (right panel) and stained 

for actin. In untreated cells the actin stress fibers are visible uniformly distributed 

throughout the cell. When SST is given to the cell culture these actin fibers are lost and 

focal adhesion points are seen along the edge of the cell membrane. However, when the 

cells exposed to SST plus antibody the actin fibers are intact and the cell appear to be 

normal. It is also worth pointing out that no irregular/picnotic nuclei we seen following 

SSTR4 antibody treatment. This further indicates that the antibody treatment did not 

induce apoptosis in the migration assay. 
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The activation of ligand induces SSTR dimerization which alters the functional 

properties of the receptors, such as, ligand binding affinity, agonist-induced receptor 

internalization, and up-regulation.115 Increased expression of SSTR1, 2, and 5 were 

observed in this study (Figure 2-5A). Hence, it is possible that the dimerization of SSTR4 

with another SSTR isotype may affect migration or other responses of HOCs. Although a 

role of SSTR4 in HOC migration was demonstrated in this study, further studies on the 

interaction among SSTRs and/or the effect of other receptor subtypes in HOC are 

required. Because SSTR5 was so strongly up-regulated in oval cell activation it would 

seem logical to focus the next set of experiments on this receptor subtype to determine if 

there is a role for this receptor subtype in oval cell activation and or migration. 

This study demonstrates that SST induces the reorganization of actin filaments. In 

order for cells to migrate, F-actin requires rearrangement. Consequently, the cells can 

form mobility structures and move along their pathway to engraftment. With the 

rearrangement seen within this study, it would appear that SST is required for this 

rearrangement. It was also demonstrated that the effect of SST in actin rearrangement 

was abolished by anti-SSTR4 antibody. These data indicate that SST/SSTR4 might 

stimulate an upstream signal to rearrange actin filaments needed for motility. The SSTRs 

are coupled to Gi-protein, which has been reported to be required for homing of 

hematopoietic stem cells.80 This receptor class can be coupled to the activation of PI3 

kinase, the downstream effectors of which, Cdc42 and Rac1, have been implicated in the 

formation of mobility structures.156,157 Therefore, it is conceivable that SST would 

mediate the migration of HOCs through the SSTR4-coulped Gi-protein/PI3K/Rac 

signaling pathway, but this remains to be tested. 
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Stem cells “home” or migrate to appropriate sites where they exert unique 

functions, such as self-renewal and multi-lineage differentiation. The molecular 

mechanisms regulating stem cell homing require more study, especially given the 

importance of such homing in a variety of medical applications. A new function for SST 

and SSTR4 in HOC migration is presented in the current study. This may lead to a better 

understanding of HOC movement within the injured liver. However, more work is 

required to fully understand the significance of the present findings.  
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Figure 2-1. HOC induction in the 2AAF/PHx model. (A) Hematoxylin-eosin staining at 
day 11 liver section of 2AAF/PHx–treated rats (X20, inserted image X40, 
arrows indicate small HOCs). (B) Immunohistochemical staining for OV6 at 
day 11 liver section of 2AAF/PHx –treated rats. Brown color indicates OV6-
positive cells (X20). (C) Liver section from the same animal as A and B 
stained by anti-mouse immunoglobulin G serving as a negative control (X20). 
(D) Liver section from normal liver tissue (X20). Data shown represents one 
of three experiments with similar results. 

 

 

 

 

 

 



52 

 

 

 

A 

 

 

B 

 

Figure 2-2. Increased SST expression in the HOC induction model. (A) RT-PCR of SST 
in 2AAF/PHx (D 9), Thy-1 sorted HOCs (OC), normal hepatocytes (HEP), 
and normal liver (NL). GAPDH was used as an internal control. Data shown 
represents one of three experiments with similar results. (B) Western blot 
analysis for SST in liver tissue obtained from 2AAF/PHx treated rats. Protein 
extracted from the brain was employed as positive control and actin as an 
internal control. Data shown represents one of three experiments with similar 
results.  
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Figure 2-3. Immunohistochemical analysis for SST in the HOC induction model. (A) 
Normal liver, (B) PHx-treated liver (12 hr post PHx), and (C) PHx-treated 
liver (24 hr post PHx) were stained with SST (Texas red). Representative 
slides were viewed at X20 magnification. DAPI (blue) was employed for 
nuclear staining. (D-F) Double immunoflorescent staining for SST (D; Texas 
red), CD45 (E; FITC), and merged image (F) of D & E in 2AAF/PHx treated 
rats (Day 5, X10). (G-I) Double immunoflorescent staining for SST (G; Texas 
red), OV6 (H; FITC), and merged image (I) of G & H in 2AAF/PHx treated 
rats (Day 13, X10). (J) Magnified image from squares in figure F. (K) 
Magnified image from squares in figure I. (Co-localized cells appear as 
yellow to orange. Arrows indicate co-localization with SST and CD45 (J) or 
OV-6 (K). Original magnifications of J and K are X10 and X20, respectively. 
Data shown represents one of three experiments with similar results. 
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Figure 2-4. Potential role of SST as chemoattractant for HOCs. (A) Effects of SST on 
HOC proliferation. HOCs were incubated in 10 % FBS supplemented IMDM 
medium (■, FBS), or serum free IMDM medium containing 0.5% BSA with 
SST at 100nM (●, SST), or without SST (▲, control) for the indicated times. 
These medium were changed every day. Each point represents the mean ± SD, 
n=3 of independent experiments. (*P<0.001) (B) BrdU incorporation assay. 
Cells were seeded in 6-well plate (4.5 X 104 cell/well) and grown in IMDM 
supplemented with 10%FBS. After 48 h, the medium was replaced with 
serum-free IMDM for 16 h. The cells were subsequently cultured with 0.5% 
BSA-containing medium, or medium with addition of 10% FBS or SST at a 
concentration of 100 nM. After 1hour incubation, 100 µM of BrdU was 
added. Cells were fixed after 24 hours. BrdU-positive cells are presented as 
percentage of total cell number. Data shown represents one of three 
experiments with similar results (*P<0.01). (C) Migration assay using 
Transwell chamber. HOCs were seeded on the top of the chamber with 1, 10, 
100, or 1000 nM of SST protein placed in the bottom chamber or 100 nM of 
SST protein place in both upper and lower chamber. Controls were used with 
no SST protein in either chamber. Data represents mean value ± SD of three 
independent experiments. Data were normalized for each independent 
experiment with respect to control migration (*P<0.05, **P<0.01, relative 
chemotactic index vs control).  
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Figure 2-5.Detection of SSTR4 in HOC-aided liver regeneration. (A) RT-PCR analysis of 

SSTR subtypes in HOCs, normal hepatocytes (HEP), and normal liver (NL). 
Asterisks indicate no band for SSTR4 in HEP sample. GAPDH was used as 
internal control. Data shown represents one of three experiments with similar 
results. (B) Relative quantification of SSTR4 in HOC induction model using 
real-time PCR. Data represents the mean value ± SD (C) 
Immunohistochemical staining for SSTR4 at day 9 liver section of HOC 
induction model (Original magnification was taken by using a X40 objective). 
Anti-goat immunoglobulin (IgG) was employed in staining liver section from 
the 2AAF/PHx treated rats, in order to serve as negative control. Data shown 
represents one of three experiments with similar results. 
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Figure 2-6. Expression of SSTR4 by HOCs. (A) Western blot analysis for SSTR4 in Thy-

1 sorted cells from 2AAF/PHx-treated rats and total liver tissue from normal 
rats. Data shown represents one of three experiments with similar results. (B) 
Double immunofluorescent staining for SSTR4 (Texas red) and Thy-1 or OV6 
(FITC) on cytocentrifuged preparations of Thy-1 sorted cells from 
2AAF/PHs-treated rats (Magnification of the small images is X40. Original 
magnification of the merge images is X40). In merged image, SSTR4 are 
shown as yellow to orange. Data shown represents one of three experiments 
with similar results. 
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Figure 2-7. Effects of SST and SSTR4 on HOCs migration and actin rearangment (A) 

Stimulation of HOCs migration by SST and SSTR4.  HOCs were subjected to 
chemotaxis assays with 100 nM SST (SST) or without SST (Con). Cells were 
treated with anti-SSTR4 Antibody (5 and 10 µg/ml) and cultured in 100 nM 
SST– containing medium for 4 hours (5Ab & SST and 10Ab & SST). 
Addition of anti-SSTR4 antibody significantly reduced the chemotactic 
response. Data were normalized for each independent experiment with respect 
to control migration (*P<0.01, relative chemotactic index vs control). Data 
represents mean value ± SD of three independent experiments. (B) 
Rearrangement of actin filament in HOCs through SST and SSTR4. HOCs 
were incubated in IMDM medium containing no addition (control), 100 nM 
SST-containing medium for 4 hours (SST). Cells were pretreated with anti-
SSTR4 Antibody and then incubated in 100 nM SST– containing medium for 
4 hours (Anti-SSTR4 Ab & SST). (all images X40) Data shown represents 
one of three experiments with similar results. 
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CHAPTER 3 
SOMATOSTATIN STIMULATES THE MIGRATION OF HEPATIC OVAL CELLS 

WITHIN THE INJURED LIVER THROUGH PI3K PATHWAY 

Summary 

Somatostatin (SST) is a pleiotropic peptide, exerting a variety of effects through its 

receptors. Recently, SST has been shown to act as a chemoattractant for hematopoietic 

progenitor cells via receptor type 2 (SSTR2). Also, SST was shown to stimulate the 

migration of hepatic oval cells (HOC) through its receptor SSTR4. However, it remains 

to be elucidated whether the effect of SST/SSTR4 on the migration of HOC is of 

functional consequence in HOC-aided liver regeneration. Also the type of signaling 

molecule associated with this chemotactic action remains to be determined. In order to 

investigate the function of SST/SSTR4 in HOC within the damaged rat liver, the effects 

of TT232, an SST analogue having specific binding activity to SSTR4, was tested in 

HOC in vitro. Signaling molecules mediating this action of SST/SSTR4 were examined. 

In the current studies, the anti-migratory action of TT-232 was determined in HOC. In 

cell transplantation experiments, a lower number of donor-derived cells was detected in 

TT232 treated animals, as compared to control animals. Activation of 

phosphatidylinositol-3-kinase (PI3K) was observed in HOC exposed to SST, and this 

activation was suppressed by either the anti-SSTR4 antibody or TT232-pretreatment. In 

addition, decreased motility of HOC by treatment with a PI3K inhibitor revealed that 

PI3K is an essential signaling molecule in HOC migration. In conclusion, our findings 
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suggest that SST stimulates the migration of HOC within the injured liver via SSTR4, 

and this action appears to be mediated by PI3K pathway. 

Introduction 

Hepatic oval cells (HOC) are activated to proliferate and differentiate when the 

regenerative capacity of terminally differentiated hepatocytes is compromised.158 In 

HOC-mediated liver regeneration, tissue damage leads to a dramatic increase in the level 

of secreted chemokines, cytokines, and proteolytic enzymes which impact on stem cell 

migration and repopulation.59 Stem cell factor (SCF), hepatocytes growth factor (HGF), 

granulocyte colony-stimulatung factor (GCSF) and stromal cell-derived factor-1 (SDF-1) 

are well known factors that control the migration of stem cells.80-82,159,160 However, there 

is relatively little information regarding the biological factors that influence HOC, 

although factors which regulate the different hematopoietic lineages, are well 

characterized. 

Somatostatin (SST) is a pleiotropic hormone, exerting variety of effects within the 

body, such as a control for hormone secretion and influence in the proliferation, motility 

and development of a wide variety of cells.89 85,86 In addition, SST has been shown to 

function as a chemoattractant for hematopoietic progenitor cells, HOC, and immature 

neuron.87,88,158 Physiological effects of somatostatin are mediated through a family of 

seven transmembrane spanning G-protein coupled receptors.89 Increasing evidence has 

been reported that the distant effects on cell response elicited by the individual receptor 

types correlated with activation of the various intracellular signaling pathways.95 

The phosphatidylinositol-3-kinase (PI3K) signaling pathway is crucial for many 

aspects of cell growth and survival.156,157 PI3K is a key signaling molecule in the 

regulation of cell migration and invasion in response to biological factors.157 Akt is an 
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essential downstream protein of PI3K and is involved in a variety of biological functions 

including angiogenesis, glycogen synthesis, gene expression, inhibition of apoptosis, cell 

cycle arrest, endocytosis, vesicular trafficking, and cell transformation.157 p21 activated 

kinase 1 (PAK1) has been identified as a downstream molecule of activated Cdc21/Rac 

or Akt. PAK activity is regulated by different classes of membrane receptors including G-

protein coupled receptors, tyrosine kinase receptors, and cytokine receptors.156 Activation 

of PAK1 has been shown to induce formation of motility structures,156,161 although it 

remains unclear how signaling molecules are involved in the effects of PAK on forming 

these structures. Thus, components of the PI3K pathway, including the key effector, Akt 

and PAK1 are important for controlling the survival and proliferation of stem cells in a 

similar way to their role in mature cell system.162 In addition, the PI3K system has 

recently been shown to be an essential step in mediating the migration of stem cell.156,157 

In the current study, whether SST has a role in the migration of HOC through 

SSTR4 in vivo was examined. Also, the signaling molecules regulating HOC migration 

within SST/SSTR4 were investigated. The data demonstrate that SST/SSTR4 stimulate 

HOC migration within the injured liver and, these effects appear to be mediated by the 

intracellular PI3K signaling pathway. 

Material and Methods 

Animal 

Dipetidyl peptidase IV deficient (DPPIV-) female F344 breeding animals were 

inbred-house and maintained on standard laboratory chow with daily cycles of alternating 

12 hours of light and dark. They were used at approximately 8-10 weeks of age and 150-

180g weight. Normal male DPPIV+ F344 rats (age 8-10 weeks, weight 180-220g) were 

purchased from Charles River Laboratories and were used as donor animals for all 



61 

 

transplantation studies. All animal work was conduced under protocols approved by the 

IACUC at the University of Florida.  

HOC Preparation and Transplantation 

The standard protocol for oval cell activation, 2-acetly-aminofluorene (2AAF)/ 

partial hepatecomy (PHx), was used and HOC were isolated as described by Jung et al.158 

For transplantation, DPPIV- female recipients were treated with monocrotaline (MCT) 

(two I.P. injection) /PHx in accordance with previously published work.163 Donor HOC 

(2.4 X 105 cells/rat) from DPPIV+ males were injected intrasplenically. Donor HOC were 

pre-treated with 5 µM of TT232 ( a generous gift from Biostatin, Budapest, Hungary) for 

15min, and then transplanted into receipent animals (treated group). The treated group 

was subsequently injected intravenously with 5 µg/kg concentration of TT232 on a daily 

basis. Animals were sacrificed on day 13 and 24 post transplantation for tissues collection 

and further examination. 

Immunohistochemistry 

DPPIV staining was performed as described by Dabeva et al.164 TUNEL staining 

was performed as the manufacter’s instructions (BD Biosciences, Mountain view, CA 

USA). Brieftly, cells were seeded in 6-well plate (4.5 X 104 cell/well) and grown in 

IMDM supplemented with 10 %FBS at 37oC, 5% CO2. After 48 hr, the medium was 

replaced with serum-free IMDM for 16 h. The cells were subsequently cultured with 

medium alone, or medium with addition of TT232 at a concentration of 1, 5, 10, 25, 50 

µM for 24hours.  

Migration Assay 

Migration assays were conducted as described by Jung et al158 in transwell culture 

plates. The motility assay was initiated by transferring the entire transwell chamber to 
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new cluster plate well containing 100nM of SST-14 (synthesized in ICBR, UF) or TT232 

(1 and 5µM) in migration buffer. Plates were maintained for 4 hour. In some experiments, 

cells were pretreated for 30 minutes with 5 µM TT232. As a negative control, cells were 

incubated without SST or TT232. At the end of the experiment, cells were fixed and 

stained as described by Stolz et al.151 Cells that had migrated to the bottom of the 

transwell filter were enumerated by counting each transwell chamber, at X4 

magnification. Each migration assay was performed a minimum of three-times. 

Stimulation and Western Blot assay 

Quiescent HOC were incubated for 10, 30, and 60 minutes at 37°C in the presence 

of 100 nM SST. In the inhibition experiment, HOC were pretreated with 5 µM TT232, 5 

µg/ml anti-SSTR4 antibody, 20 µM LY 294002 (LC lab., Woburn, MA) or 0.08% DMSO 

for 30 minutes, and then incubated with SST at the indicated times, followed by PBS 

washing. HOC were homogenized in Triton Lysis Buffer (20 mM Tris, pH7.4, 137 mM 

NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 1 mM PMSF, 10 mM NaF, 5 µg/ml 

aprotinin, 20 µM Leupeptin, and 1 mM Sodium ortho-vanadate) and centrifugated at 

10,000 g for 15 minutes. Protein concentrations were measured using the Lowry assay. 

Immunoblotting was performed using anti-pAKT (Cell signaling tech., Denvers, MA), 

anti-AKT(Cell signaling tech.), anti-pAPK1(Cell signaling tech.), anti-PAK1(Cell 

signaling tech.), antibodies. Membranes were developed by chemoluminescence (ECL; 

Amersham Pharmacia). 

Statistical analysis 

All results are expressed as the mean ±SD. Statistical differences were determined 

by Student’s t-test. P values of <0.05 were considered statistically significance. 
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Results 

SST analogue, TT232, Suppresses the Migration of HOC toward SST 

Several SST analogues have been developed for the purpose of clinical 

applications. TT232 is a stable SST analogue with the highest binding affinity for 

SSTR4.89,165 TT-232 has been shown to exert an antiproliferative effect on several tumor 

cell lines and animal models by inducing apoptosis.166 This effect has been shown to be 

very specific and is based on the concentration used. In these experiments, the higher 

doses are required for inducing apoptosis, and this type of cell death is independent from 

SSTRs.167,168 As specific SST analogue for SSTR4, the lower TT232 dose below 10 µM 

was tested,89 and has been shown to have no effect on cell proliferation.169 To clarify 

dose-dependent function of TT232 for HOC, I examined apoptotic cell death by TT232 at 

different concentrations. Approximately 35% and 5 % of apoptotic cells were detected in 

HOC incubated with 50 µM and 25 µM of TT232, respectively. However, below 2% of 

apoptotic cells were observed in HOC treated with these concentration (1, 5, 10 µM) 

(Figure 3-1A). These numbers of apoptotic cells was similar to level of apoptotic cells 

observed in control (0 µM of TT232).These data demonstrated that TT232 induced HOC 

apoptosis in dose-dependent manner, not promote HOC apoptosis at a lower 

concentration (< 10 µM). 

Our previous study revealed that the SST/SSTR4 pathway was involved in the 

migratory response of HOC.158 We examined the effect of TT232 on HOC motility. HOC 

were incubated with TT232 and tested their migratory capacity. When 1 or 5µM of 

TT232 was placed in the lower chamber, HOC failed to migrate toward TT232, (Figure 

3-1B). However, pretreatment of HOC with TT232 abrogated the SST-mediated motility 

to the level of the control, whereas SST-stimulated HOC showed approximately a two 
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and half-fold increase in motility toward SST (Figure 3-1C). These results indicated that 

TT232 suppressed the chemotactic action of SST on HOC migration. 

SST Affects HOC Homing through SSTR4, in vivo 

To examine whether the effect of SST/SSTR4 on HOC migration was a functional 

consequence in HOC-mediated liver regeneration, I designed the cell transplantation 

model as described in Figure 3-2.  In this model, DPPIV+ HOC were transplanted into 

DPPIV- female rats which were pretreated with MCT/PHx. The reaction product of 

DPPIV appears as diffused orange staining of the bile canaliculi membranes of 

hepatocytes. There is no-staining observed in DPPIV- animals, so the transplanted cells 

can be easily distinguished from recipient cells.170 MCT is taken up by liver, metabolized, 

and subsequently inhibits endogenous hepatocyte regeneration.163 PHx was given to 

create liver injury, thus providing a suitable environment for repopulation of the liver by 

transplanted donor cells.171 The inhibitory function of TT232 on the chemotactic action 

of SST was expected to suppress motility of HOCs in transplantation model. 

Immunohistochemical staining for DPPIV positive cells was not detected in either the 

treated or control groups at day 13 post transplantation (data not shown). However, 

DPPIV+ cells were observed in recipient liver sections at 24 days post transplantation 

(Figure 3-3A). As expected, a high number of DPPIV+ cells and clusters were observed 

in control rat livers, whereas a significantly lower number of DPPIV+ cells and cluster 

were observed in TT232-treated livers. It is possible that daily injection of TT232 could 

induce apoptosis in transplanted cell, and for that reason, a lower number of donor cells 

could be observed in TT232-treated group. To test this possibility, TUNEL assay on liver 

section of recipient group was conducted (Figure 3-3B). Apoptotic cells were rarely 

detected in both groups (day 13 and 24 post transplantation), confirming that there were 
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no apoptosis induced by TT232. These results demonstrated that suppression of 

SST/SSTR4 by TT232 decreased mobility of HOC, indicating that SST/SSTR4 might 

influence HOC homing to the damaged liver. 

SST Activates Intracellular PI3 kinase Pathway. 

In recent studies, the PI3K pathway has been shown to be required in cell 

migration.156,157 The activation of Akt and PAK1 was examined, in order to identify 

whether SST activated PI3K signaling system in HOC. Akt is a known PI3K effector,  

and PAK1 is  a known Akt or direct PI3K effector.156 SST stimulated activation of Akt 

after 30 minutes and PAK1 after 60 minutes, whereas SST-induced phosphorylation of 

Akt and PAK1 were suppressed by an anti-SSTR4 antibody (Figure 3-4A & B). Also, 

TT232 decreased the activation of Akt and PAK1 (Figure 3-4C & D). These inhibitory 

effects of anti-SSTR4 antibody and TT232 on SST-mediated phosphorylation of Akt and 

PAK1 confirmed that TT232 impeded signaling event elicited by SST, in similar manner 

with anti-SSTR4 antibody. The activation of Akt and PAK1 suggested that PI3K signal 

pathway might be involved in stimulation of HOC via the SST/SSTR4 pathway. 

In order to investigate whether PI3K is essential for cell migration, we employed 

PI3K inhibitor, LY294002, in a migration assay of HOC with SST. Western blot assay 

showed that LY 293002 significantly blocked the action of PI3K on Akt and PAK1 even 

in the presence of SST. DMSO, a solvent for LY 294002, did not affect Akt and PAK1 

activation (Figure 3-5A). Migration assay revealed that pretreatment of LY 294002 

abrogated HOC migration toward SST, whereas SST increased the numbers of migrating 

HOC, approximately a threefold increase (Figure 3-5B). Our result suggested that 

intracellular PI3K pathway might be an essential step for HOC migration mediated by 

SST.  
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Discussion 

After a cytotoxic therapy and growth factors administration, stem cells are 

mobilized to the location of injury, but still retain the ability to selectively repopulate a 

tissue system. Trafficking, mobilization, and homing of stem cells is a multifactorial 

process that is regulated by adhesion molecules and cytokines as well as chemotactic 

factors.140 In hematopoietic stem cells, recent studies have provided evidence that several 

chemotactic factors, particularly the SDF-1 and its receptor chemokine receptor 4 

(CXCR4), are involved in regulation of mobilization and homing of hematopoietic stem 

cells.81,172 Thus, homing is the hall mark of hematopoietic stem cells, for which 

mechanism and cytokines are vigorously studied and well characterized. However, there 

is relatively little information regarding those that influence oval cells homing. In this 

context, a major challenge is represented by the identification of the chemotactic function 

of SST/SSTR4 on HOC migration in vivo and the mechanism inducing this effect of SST. 

In this study, we investigated the effect of TT232 on HOC and found that apoptosis 

brought on by TT232 was dose-dependent with higher doses (> 25 µM) carrying 

apoptosis. TT232 did not promote apoptosis, but abrogated HOC migration mediated by 

SST at a low dose of TT232 which was represented as appropriate concentration for 

SSTR4 binding.89 These inhibitory effects of TT232 for SST/SSTR4 also were proven in 

functional consequences in HOC migration, showing that blockage of SSTR4 decreased 

motility of HOC within the damaged liver. In signaling mechanism, inhibitory effects of 

TT232 was similar to that of anti-SSTR4 antibody on suppressing SST-induced 

activation of Akt and PAK1 (Figure 3-4), confirming that TT232 bind to SSTR4, which 

then blocks the signaling pathway triggered by SST. 
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In the HOC-transplantation experiment, the data indicates a significant difference 

of DPPIV+ cell and cluster number between the control animals and TT232-treated 

animals. A few DPPIV+ cells in TT232-treated group are likely to result from incomplete 

blockage of SSTR4 by TT232. Although it is already verified that TT232 specifically 

bind to SSTR4, blockage of receptor subtypes by TT232 is dependent on applied 

concentration of TT232.89  Following the guideline described by Weckbecker, et al,89 I 

utilized different concentrations to block the function of SSTR4 and injected low 

concentration which would neither affect other receptor subtypes nor induce apoptosis. 

However, concentration of a drug is changed in inner body by certain factors and TT232 

has been shown to be effective up to four hours post injection, according experimental 

report provided by the Biostatin. Considering these points, it appears that TT232 did not 

inhibit completely the interaction of SST and SSTR4 in this procedure. Also, it should be 

considered that oligomerization between SSTR4 and SSTR2 can occur.173 SSTR2 is the 

major receptor for SST and a cellular interaction between SSTR4 and SSTR2 can affect 

functions of individual receptors.174 Thus, there is a possibility that SSTR2 can 

compensate for loss of function of SSTR4. Although this action was not investigated, it 

remains a possibility. Recently, two studies have provided evidence that SDF-1/CXCR4 

might be involved in HOC-aided liver regeneration and HOC migration.175,176 

Accordingly, it is conceivable that SST may make synergetic effects on migration of 

HOC with SDF-1. When the response of SSTR4 on HOC to SST was blocked, cells 

escaping from the suppressive effect of TT232 or having decreased motility induced by 

SSTR4-blockage may respond to SDF-1 and migrate to the damaged liver. However, it 

still remains unclear how SST interacts with SDF-1. 
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Following the full ligand-dependent tyrosine phosphorylation, SSTR4 expressed on 

HOC was able to activate the PI3K pathway. SSTR4 belongs to the family of seven α-

helical transmembrane domain G protein -coupled receptors (GPRs), which are coupled 

to heterotrimeric G-proteins.89 This receptor can be linked to the activation of PI3K 

which is directly stimulated by the G-protein βγ subunits released from α-subunit when 

the latter is activated by the binding GTP.156 The downstream effector, PI3K, has been 

implicated in the several cell types of migration.156,157,177 The motility of HOC has been 

shown to be abrogated by anti-SSTR4 antibody and TT232 in our previous and present 

study, respectively.158 Western blot assays within the current system have showed that the 

activity of PI3K was suppressed by anti-SSTR4 antibody or TT232. These results suggest 

that PI3K is an essential molecules in HOC migration when SST/SSTR4 are involved. 

Migration assay with a PI3K inhibitor added evidence that SST stimulated HOC migraton 

through a PI3K-dependent way.  

Since the anti-proliferative effect of TT232 in cancer cell lines has been shown to 

be induced through p38 169, we examined whether anti-proliferation via these molecule or 

cell cycle arrest though p21159 caused anti-migratory results in HOC. During the 

experiments, the expression of p21 and p38 were not observed (data not shown).  

In the current study, we found that treating cells with SST resulted in Akt 

activation, peaking at 30 minutes and subsequently PAK1 activation, peaking at 60 

minutes. Although PI3K also was shown to induce directly the activation of PAK1,156 the 

sequential activation of Akt and PAK1 suggests a potential signal transduction pathway, 

PI3K/Akt/PAK1, within HOC migration stimulated by SST/SSTR4. In addition, anti-

SSTR4 antibody inhibited the activation of PAK1, while TT232 seemed to delay it, 
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although these differences were subtle. It is assumed that anti-SSTR4 antibody binds 

more predominantly to SSTR4 than SST does, thereby it blocked SSTR4 response to 

SST, whereas TT232 inactivated SSTR4-coupled signaling molecule, PI3K. However, 

both consequently induced inactivation of PI3K, and finally abrogated motility of HOC 

toward SST. 

In conclusion, our findings suggest that SST could stimulate liver regeneration by 

mobilization, migration, and incorporation of HOC via SSTR4, and this effect appears to 

be mediated by intracellular PI3K pathway. However, more detailed studies about 

relationship with other chemokines will be necessary to clarify mechanism of homing.  
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Figure 3-1. Effect of SST analogues, TT232, on HOC migration. (A) TUENL assay was 

conducted in order to examine apoptotic cells. A higher number of apoptotic 
cells are observed in HOC-treated with high dose (50µM) of TT232, 
compared with other treated groups. Data shown represents one of three 
experiments with similar results. (B) Migration assay with TT232 on HOC. 
HOC were seeded on the top of the chamber with 1 and 5 µM of TT232 
placed in the bottom chamber. Controls were used with no TT232 in either 
chamber. (C) HOC were subjected to chemotaxis assays with 100 nM SST 
(SST). Cells were treated with 5 µM TT232 for 30 minutes and cultured in 
100 nM SST– containing medium for 4 hours (TT/SST). Controls were used 
with neither TT232 nor SST. Data represents mean value ± SD of three 
independent experiments. Data were normalized for each independent 
experiment with respect to control migration. (*P<0.01, relative chemotactic 
index vs control).  
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Figure 3-2. The plan for experiment was described. The DPPIV- female rats received two 

doses of 30mg/kg MCT and PHx. HOC were isolated from DDPIV+ rats 
which were treated with 2AAF/PHx. HOCs for treated group was pretreated 
with TT232 (5 µM) for 15 minute and transplanted into spleen of DPPIV- 
female rats at 7 day post PHx. Treated group was injected intravenously with 
3 µg/kg concentration of TT232 on daily base. Both groups were killed at 13 
and 24 days post transplantation. 
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Figure 3-3. Suppression of SST/SSTR4 impairs the migration of HOC within the injured 

liver. (A) DPPIV staining for transplanted cell in DPPIV-/- rats at 24 day post 
transplantation. Control (a) and treated animals (b). (Arrows indicate DPPIV+ 
cells. Representative slide were viewed as X20, and insert viewed at X40 
magnification). (c) The number of DPPIV+ cells and clusters (B) Apoptosis 
assay on recipient liver section using TUNEL. (a & b) Day 13 post 
transplantation (a; control, b; treated animal). (c & d) Day 24 post 
transplantation (c; control, d; treated animal). (Arrows indicate apoptotic 
cells) PI (red) was employed for nuclear staining. Representative slide were 
viewed as X10, and insert viewed originally at X20 magnification.  
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Figure 3-4. SST/SSTR4-induced effects are mediated by PI3K pathway. (A) SST induced 

phosphorylation of Akt and PAK1 with a maximum effect at 30 and 60 
minutes, respectively. SST-induced activation of Akt and PAK1 was 
suppressed by 5µg/ml auti-SSTR4 antibody. (B) Densitometry analysis to 
show the relative activation of Akt and PAK1. Histogram function of Adobo 
photoshop was used to approximate density of each band. (C) The effects of 
SST on phosphorylations of Akt and PAK1 were decreased by 5µM TT232. 
(D) Densitometry analysis to show the relative activation of Akt and PAK1. 
Histogram function of Adobo photoshop was used to approximate density of 
each band. Figure 4A &C represent one of three experiments with similar 
results. Data shown in figure 4B & D represent mean value ± SD of three 
independent experiments. Data were normalized for each independent 
experiment with respect to control band density 
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Figure 3-5. PI3K plays a important role in SST-stimulated HOC migration. (A) HOCs 

were pretreated with PI3K inhibitor (LY194002), DMSO (solvent for LY 
294002), and none-added medium for 30 minutes. And then, these cells were 
stimulated with 100nM SST. Western blot analysis for Akt and PAK1 was 
conducted in order to test whether PI3K was blocked by LY295002. Data 
shown represents one of three experiments with similar results. (B) HOC were 
subjected to chemotaxis assays with 100nM SST only (SST), and SST after 30 
minutes pretreatment with PI3K inhibitor (LY/SST). Control was used 
without LY and SST (con). Data represents mean value ± SD of three 
independent experiments. Data were normalized for each independent 
experiment with respect to control migration. (*P<0.01, relative chemotactic 
index vs control). . 
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CHAPTER 4 
CHARACTERIZATION OF THY-1+ CELL IN VITRO CULTURE SYSTEM 

Summary 

Hepatic oval cells (HOCs), capable of maturing into hepatocytes and biliary cells, 

are hypothesized to be involved in all forms of liver regeneration and may prove 

clinically useful at reconstituting damaged livers. A HOC population from young adult 

rat liver tissue has been isolated and characterized to establish validity for our studies. 

HOCs were induced by 2AAF/PHx protocol, isolated using modification of a two-stage 

liver perfusion technique followed by low speed centrifugation. Cellular analysis by 

fluorescent microscopy and RT-PCR demonstrated that HOC cultured on collagen-coated 

dish over 6 weeks phenotypically and genetically differentiated into hepatocytes, whereas 

cells cultured on none-coated dish maintained their properties. These data suggest that 

HOC can differentiate into hepatocytes in vitro and HOCs cultured on none-coated dish 

within 4 weeks can be used in our model for HOC transplantation, migration and 

molecular approaches. 

Introduction 

A unique marker for oval cells in the adult liver has not been assigned, and because 

there cell are under constant renewal, unlike epithelial cells of the intestine or the skin, 

they escape detection in the quiescent liver. For this reason, potential stem cells in the 

adult liver have not yet been isolated completely. Also, culture methods maintaining 

properties of oval cells remain unclear. In this chapter, the method of isolating oval cells 
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and hepatic stem cell lines are reviewed. Also the characteristics of Thy-1+ oval cells in 

vitro culture system were investigated. 

Isolation of Potential Liver Progenitor Cells 

Attempts aimed at purifying fetal liver hepatoblasts, considered to be fetal liver 

progenitor cells, have been more successful. Three major approaches have been 

developed. The first protocol entails hepatoblasts fetal liver cells by “panning” of the 

fetal liver cell suspension with a red blood cell antibody, followed by panning of 

macrophages and endothelial, myeloid, and lymphoid cell with OX-43 and OX-44 

antibodies. This procedure resulted in s a six fold enrichment of hepatoblasts.178 Magnetic 

cell sorting (MACS), depletion of fetal liver cell with OX-43 and OX-44 antibodies with 

parallel enrichment for Thy-1+ and CK (cytokeratin)-18+ cells, was also used 

successfully.153 A negative selection with CD (cluster of differentiation) 45 (leukocyte 

common antigen) and TER119 (an antibody recognizes a molecules associated with 

glycophorin A, expressed on all erythroid cells) results in enrichment of hepatic 

progenitor cells from murine fetal liver.179 

The second approach utilized antibodies raised against cell surface antigens 

expressed on hepatoblasts and combined with fluorescence activated cell sorting (FACS) 

or MACS. Suzuki et al.43used α6 and β1 intergrin subunits that are receptors for laminin 

and are highly expressed in fetal liver to enrich the primary murine fetal liver isolates in 

hepatocytes and cholangiocyte progenitor cells. Another cell membrane protein used for 

isolation of fetal hepatoblasts was the cell-cell adhesion glycoprotein E-cadherin, highly 

expressed in epithelial tissues, including fetal liver. Using MACS and monoclonal 

antibodies against the extracellular domain of E-cadherin, Shiojiri180 and coworker 

isolated fetal liver progenitor cells from ED 13.5 mouse liver with 90% purity and 40% 
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yield. After transplantation into the spleen, only hepatocytic progeny were observed in 

the liver. 

The third approach was enrichment of human hepatoblast using hematopoietic cell 

surface markers. It was reported that 0.9% of the cells in human liver at 14 to 22 weeks of 

gestation are CD34+.181 Three to 8% of the CD34+ cells co-expressed cytokeratin CAM 

5.2.182 Another hematopoietic marker used for enrichment of hepatic fetal progenitor 

cells is the surface protein Thy1 (CD90). It was shown that 1% of all Thy1+ cells 

coexpress the epithelial marker CK18.153 Miyajima and coworkers183 developed a method 

based on an innovative idea to search for cell surface antigens expressed in mouse fetal 

hepatic cells, applying the signal sequence trap method. These investigators identified 

such a gene, Dlk (Pref-1) of unknown function, expressed in ED10.5 embryos and in 

mouse fetal liver until ED16.5. FACS-isolated Dlk+ cells are hepatoblast and not 

hematopoietic cells; they express albumin and AFP (α-fetoprotein); and a single cell is 

capable of differentiating into albumin-, CK19-, and albumin/CK19-positive cells, 

showing that the Dlk positive cells are bipotential. However, in vivo, after transplantation 

into the spleen, only hepatocytic progeny were observed. 

In addition, oval cells have been isolated from the liver of adult rats in which these 

cells have been induced in response to hepatocarcinogenesis. When hepatocytes 

proliferation is suppressed by hepatic injury, expansion of oval cell compartment is 

resulted. 45 Oval cells express liver progenitor cell markers, such as Thy-1, AFP, GGT, 

CK19, OC.2 and OV6.32,45,184 These markers are used in identification, characterization, 

and isolation. When the Thy-1 antibody is used as a new marker for the detection of oval 

cells, a highly pure population can be obtained. The flow cytometry has established a 
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method to isolate a 90-97% pure Thy-1+ oval cell population.45 Utilizing cell-sorting 

techniques in combination with the Thy-1 antibody will facilitate both in vivo and in vitro 

studies of hepatic oval cells. 

 Oval Cell Lines 

Liver epithelial cell lines are considered the cell culture counterpart of liver 

stem/progenitor cells.184  Several laboratories have succeeded in isolating clonogenic 

epithelial cell lines from normal liver and from the liver after hepatocarcinogenic 

regimens. In summary, liver epithelial cell lines possess the following characteristics: (1) 

They express phenotypic properties of undifferentiated fetal hepatoblast/oval cell. (2) 

When exposed to appropriate conditions in vitro, the cell initiates differentiation and 

acquires some hepatocytic or biliary epithelial characteristics. LE (liver epithelial)/2 and 

LE/6 oval cell lines isolated by centrifugal elutriation from the liver of rats fed a choline-

deficient diet differentiate into hepatocytes in a three-dimensional culture system 

composed of a collagen gel and a feeder layer.185 Oval cell lines obtained from allyl 

alcohol-treated rats, propagated in feeder layers, express hematopoietic stem cell markers 

(c-kit, CD34) and early hepatocytic markers (AFP, albumin, and CK14). Upon removal 

of the feeder layer, the cells begins to express mature hepatocytic markers (H4 antigen 

and CYP1AII (cytochrome P450 1AII) ) or acquire a bile duct-like structure, if plated on 

Matrigel.186 (3) Liver epithelial cells differentiate in vivo into hepatocytes. The cells from 

one normal liver epithelial cell line, BAG-2WB, transplanted into the liver of syngeneic 

animals became incorporated into the hepatic plate of the host parenchyma and acquired 

hepatocytes-specific gene expression.187,188 The advantage of the epithelial cells is that 

they can be easily propagated and immortalized spontaneously in culture.  
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However, these cell lines are immortalized by certain types of mutations, which 

lead to problems in validity of our approach. Also, primary oval cells show slow growth, 

short life, and liable contamination. Most of all, they differentiate into hepatocytes at a 

certain time point, and long-term culture of primary oval cells is impossible. Therefore, 

we characterized Thy-1+ oval cell culture system to show the validity of the approach. 

Accordingly, this procedure was needed in our further studies, in order to establish 

experimental condition and practice in vitro prior to in vivo.  

Material Methods 

Animal 

Dipetidyl peptidase IV deficient (DPPIV-) female F344 breeding animals, which 

were originally obtained from the Albert Einstein College of Medicine, were a generous 

gift from Dr. Sanjeev Gupta. These animals were in-house bred and maintained on 

standard laboratory chow and daily cycles of alternating 12 hours of light and dark. They 

were used at approximately 8-10 weeks of age and 150-180g weight. Normal male 

DPPIV+ F344 rats (age 8-10 weeks, weight 180-220g) were purchased from Charles 

River Laboratories and were used as donor animals. All animal work was conduced under 

protocols approved by IACUC at the University of Florida.  

HOC Preparation and Culture 

To isolate HOCs, 2AAF/PHx oval cell activation model was used.147 The liver was 

harvested at 11 days post PHx and cells were isolated via standard two-step collagenase 

perfusion. Obtained cells were gradient centrifuged at 50 g to isolate hepatocytes. Then, 

fraction of non-parenchymal cell (NPC)s containing HOCs was collected at 100 g. 

Obtained fraction of cells was incubated with Thy-1 FITC conjugated antibody (Becton 

Dickinson, Flanklin Lakes, NJ) and then with anti-FITC-microbeads (Miltenyi Biotec 
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GmbH, Auburn, CA). After incubation, cell suspension is loaded on a magnetic column 

which is placed in the magnetic field of a MACS Separator. The magnetically labeled 

cells are retained in the column while the unlabeled cells run through. After removal of 

the column from the magnetic field, the magnetically retained cells can be eluted as the 

positively selected cell fraction. Thy-1+oval cell population obtained from MACS shows 

about 90% purity148 and cell viability was determined by Trypan blue exclusion. After 

isolation, HOCs were resuspended in Iscove’s Modified Dulbecco’s Medium (IMDM) 

(10%FBS, 1% insulin, 1X antibiotic-antimycotic) on the collagen (0.001%)-coated or 

non-coated bent tissue culture flask. Additionally, we added 4 different types of growth 

factor (SCF, IL-6, IL-3, FLT (fms-like tyrosine kinase); each 10ng/ml, except for IL-6 

20ng/ml), to maintain state of HOCs. 

Immunofluorescent Staining 

Immunostainings were performed on cytocentrifuged HOCs using standard staining 

protocols. Samples were fixed and permeabilized, saturated, and processed for 

immunostaining with anti-albumin (Dako Comp., Santa Cruz, CA). Texas red anti-goat 

IgG (Vector Laboratories) was used as secondary antibody. Vector ABC kit (Vector 

Laboratories, Burlingame, CA) were employed in blocking procedure.  

RT-PCR 

For the Reverse transcriptase polymerase chain reactions (RT-PCR) analysis, total 

RNA (ribonucleic acid) was isolated from the normal liver, oval cell cultured on 

collagen-coated or non-coated tissue flask  by RNeasy kit (Qiagen, Valencia, CA). Total 

of 2 µg RNA was used for each cDNA synthesis. RT-PCR  were performed as previously 

described by Bar et al.150 Following primers for albumin were used: 5’-

GCTACGGCACAGTGCTTG-3’ (sense strand), 5’-CAGGATTGCAGACAGATAGTC-
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3’ (antisense strand), which delineated a 260-bp product. The resulting RT-PCR products 

were amplified and subjected to electrophoresis in 1.2% agarose gel and stained with 

ethidium bromide. The purified PCR products were directly sequenced using an 

AmpliTaq cycle sequencing kit (Perkin-Elmer Setus, Branchburg, NJ) for genetic 

confirmation.  

Results 

The same number of freshly isolated Thy-1+ HOCs was placed in collagen-coated 

and non-coated bent culture flask. After four weeks, the normal dish was colonized with 

HOCs (Figure 4-1A&B) which showed morphology of original HOC before placing. 

However, HOCs on collagen-coated tissue flask were observed having different 

morphology from it of HOCs on normal tissue flask (Figure 4-1C-F). HOCs on collagen-

coated culture tissue flask seemed to be differentiated into small hepatocytes 

morphologically. In order to examine whether molecular properties of these cells changed 

to hepatocytes, immunofluorescent staining and RT-PCR for albumin were conducted. As 

shown in figure 4-2A, a portion of HOCs on collagen-coated tissue flask expressed 

albumin, whereas albumin positive cells were not detected in HOCs cultured in normal 

tissue flask (data not shown). RT-PCR result showed that HOCs cultured on collagen-

coated tissue flask expressed albumin, while the message of albumin was not observed in 

HOCs on non-coated tissue flask (Figure 4-2B). When HOCs on non-coated tissue flask 

were cultured over 4 months, these cells lost their properties which were checked by 

CK19-, OV6-, AFP-, and interestingly SSTR4 - (data not shown). These results indicated 

that collagen and long-term culture might induce differentiation of HOCs. Therefore, we 

will conduct in vitro experiment only in short-term (within 6weeks) cultured HOCs and 

on non-collagen treated normal dish for validity of our technique.   
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Discussion 

HOCs have been considered facultive bipotential precursor cells that can 

differentiate into hepatocytes and bililary epithelial lineages depending on the 

environmental conditions or regulatory  factors.134 Identification and isolation of liver 

stem cells may ultimately allow a large number of autologous hepatocytes suitable for 

transplantation to be grown in vitro from a small liver biopsy. However, the lack of 

specific markers hampers the identification of HOCs. Although liver explant culture, an 

attractive method to expand hematopoietic stem cells, has been used to isolate HOCs, no 

pure population of HOCs had yet not been obtained from adult livers. In addition, it is 

difficult to maintain undifferentiated status, define the time point of differentiation, and 

expand primary HOCs in vitro. Therefore, this study aims to define culture condition for 

HOCs. 

Extracellular matrices (ECMs), which can insoluble macromolecular substances 

consisting of proteins and carbohydrates, fix and support cells as physical anchorages. In 

the liver, the ECMs produced by stellate cells regulate the proliferation and 

differentiation of hepatocytes. 189 Type I fibrillar collagen is very abundant and is widely 

distributed around the vascular spaces and Glisson’s capsule, and within the space of 

Disse in contact with hepatocytes and sinusoidal endothelial cells. This provides an 

appropriate microenvironment for hepatic differentiation.189 Several in vitro studies 

reported that cloned derived from oval cells were shown to differentiated into mature 

hepatocytes or to form duct-like structures in collagen gel culture when coclutured with 

fibroblasts as feeder cells or when supplied with growth factors. These observations 

suggest that biodegradable collagen matrices regulate the differentiation of HOCs by 

providing an appropriate microenvironment. In this study, we established HOCs in short-
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term culture and characterized their phenotype in vitro. Our data demonstrated that 

collagen matrix facilitated differentiation of HOCs, which lost the expression of HOC 

markers and gained the phenotypic and molecular characteristics of hepatocytes. In 

addition, three independent experiments suggested the transition time points for HOC 

differentiation, forming the basis for the use of HOCs in our in vitro system. In the 

absence of the appropriate oval cell lines, these preliminary experiments may allow us to 

get the stabilized data from our approach.  
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Figure 4-1. Morphology of HOC on culture dish (A & B) HOC cultured on non-coated 

culture tissue flask. (C-F) HOC cultured on collagen-coated culture tissue 
flask. Photos were taken at 30days after being seeded freshly. 
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Figure 4-2. Albumin expression in HOC cultured on collagen-coated dish. (A) HOC 

cultured on collagen-coated tissue flask were cytospinned at 40 days post 
placing and a part of these cells expressed albumin.( Representative slide were 
viewed as X20 original magnification) (B) In RT-PCR, only HOCs culture on 
collagen-coated tissue flask showed message for albumin . NL (normal liver), 
OV (hepatic oval cells cultured on non-coated culture tissue flask) DOC 
(hepatic oval cells culture on collagen-coated culture tissue flask) 

. 
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CHAPTER 5 
CONCLUSION 

Hepatic oval cells (HOCs) are activated to proliferate and differentiate when the 

regenerative capacity of terminally differentiated hepatocytes are compromised. In oval 

cell mediated liver regeneration, tissue damage leads to a dramatic increase in the level of 

secreted chemokines, cytokines, and proteolytic enzymes in many organs as part of the 

regeneration and repair process, which have profound impacts on stem cell migration and 

repopulation. SST is a regulatory peptide that activates G-protein-coupled receptors of a 

family comprising five members (SSTR1-5). Despite the broad use of SST and its 

analogs in clinical practice, the spectrum of SST activities has been incompletely defined. 

Recently, it has been demonstrated that SST functions as a chemoattractant for immature 

neuronal and hematopoietic cells. Hence, we proposed to test the hypothesis that SST 

influenced on the homing of hepatic oval cells under pathological conditions, based on 

the evidence that hepatic oval cells, acting as liver stem cells, share several characteristics 

with hematopoietic stem cells Therefore, the main purpose of this research was to 

identify a potential role of SST and ascertain its mechanism on hepatic oval cell homing. 

To accomplish this, we utilized the rat 2AAF/PHx model of oval cell activation and 

examined SST and SSTR1-5. RT-PCR and Western blot assay revealed an increased 

expression of SST in 2AAF/PHx HOC induction model. Immunohistochemical staining 

showed the expression of SST in 2AAF/PHx-treated rat liver, as compared to normal 

liver. Proliferation and migration assays demonstrated that the increase of SST is related 

to migration of HOCs, but not their proliferation. RT-PCR and quantitative real-time 
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PCR showed that SSTR4 was preferentially expressed by HOCs. Western blot assay and 

immunohistochemical staining confirmed the expression of SSTR4 on HOCs. In addition, 

pretreatment with anti-SSTR4 antibody cultures resulted in a dramatic reduction of cell 

migration as compared to that of control. Lastly, SST stimulated the rearrangement of 

actin filaments in HOCs, while HOCs treated with anti-SSTR4 antibody failed to do so. 

These results suggest a positive role for SST in the migration of HOCs, and that this 

effect is mediated through SSTR4. 

In the next experiments, we investigated whether the effect of SST/SSTR4 on the 

migration of HOC is a functional consequence in oval cells-mediated liver regeneration 

and what type of signaling molecules are associated with this chemotactic action. TUNEL 

assay and migration assay showed that TT232, which is SST analogue with specific 

binding affinity for SSTR4, did not induce cell apoptosis, but abrogate the motility of 

HOC by SST. In cell transplantation model to examine the potential role of SST and 

SSTR4 in HOC migration in vivo, a lower number of donor-derived cells was detected in 

the TT232 treated animals, as compared to the number of donor-derived cells in the 

control animals. Activation of phosphatidylinositol-3-kinase (PI3K) was observed in 

HOCs exposed to SST, and this activation was suppressed by either the anti-SSTR4 

antibody or TT232-pretreatment. In addition, decreased motility of HOC by the treatment 

with a PI3K inhibitor revealed that PI3K might be an essential signaling molecule in 

HOC migration by SST. Our findings suggest that SST and SSTR4 stimulate the 

migration of HOC within the injured liver, and this action appears to be mediated through 

the PI3K pathway. 
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Stem cells “home” or migrate to appropriate sites where they exert unique 

functions, such as self-renewal and multi-lineage differentiation. The molecular 

mechanisms regulating stem cell homing require more study, especially given the 

importance of such homing in a variety of medical applications. Our findings suggest that 

SST and SSTR4 could stimulate liver regeneration by mobilization, migration, and 

incorporation of hepatic oval cells. This may lead to a better understanding of HOC 

movement within the injured liver. However, more work is required to fully understand 

the significance of the present findings.      
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